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ABSTRACT

The damaging effect of salts in porous building materials is significant and widely spread, impacting
structural and aesthetic aspects of historic constructions. To repair existing damage and mitigate future
decay, a reliable testing procedure to quantify the durability of porous building materials to salt
crystallization is needed. The objective of this thesis was to improve the ageing procedure of the most
recent European standard (EN 12370) for assessing the durability of natural stone in respect to salt
crystallization towards a more realistic and reliable way of reproducing the ageing conditions occurring
in the field. This was done through the investigation of various environmental and procedural factors
that impact the efficacy and realistic nature of salt crystallization. Existing knowledge and research in
the field was studied to develop a state-of-the-art for identifying the main issues and develop strategies
to overcome them. The EN 12370 standard was used as the baseline aging test. Four variations of the
procedure were designed considering the effect of different testing conditions (salt solution
concentration, temperature, contamination procedure). Experiments were carried out on three types of
natural stone local to the Czech Republic and widely used in restoration interventions. The aim was to
investigate the effect of the different ageing variables on the weathering of materials with different
properties, namely regarding the porous structure and the mechanical strength. The ageing process
was monitored using non-destructive techniques: visual observations and photographic documentation,
salt solution uptake, mass variation and mass loss, and ultrasound pulse velocity. After the completion
of the ageing tests, the specimens were also examined using destructive tests: salt distribution and
microstructural analysis using scanning electron microscopy. Results of the different procedures
showed the most difference in damage due to changes in the concentration of the salt solution. The
contamination method and frequency also had significant, effect however it was also directly dependent
on the nature of the porous network as well. Changes in drying temperature of the specimens had the
least quantifiable impact on aging. A detailed comparison of the effect the different testing conditions
had on the decay of the stones is discussed and recommendation on the most effective and realistic

conditions for future accelerated salt aging tests are given.

Keywords: Salt Crystallization test, Durability, Sodium Sulfate, Building stone, Salt weathering

simulation
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ABSTRAKT

Posouzeni odolnosti stavebnich materiali proti krystalizaci soli pomoci zkousky starnuti

materialu — praktické a efektivni pouziti siranu sodného

Skodlivy ginek soli v poréznich stavebnich materialech patfi mezi vyznamné a $iroce rozsifené efekty,
které ovliviuji strukturalni a estetické aspekty historickych staveb. Pro opravy stavajicich poruch a
zmirnéni dalSich poSkozeni je zapotiebi stanovit spolehlivy zkuSebni postup k uréeni odolnosti
stavebnich material(l proti krystalizaci soli. Cilem této prace je zdokonalit testovaci postup nejnovéjsi
Evropské normy (EN 12370) prohodnoceni odolnosti pfirodniho kamene ve vztahu ke krystalizaci soli
zkoumanim raznych environmentéalnich a proceduralnich faktor(, které ovliviiuji G¢innost a realny
charakter krystalizace. V Uvahu byly vzaty stavajici znalosti a vyzkum v této oblasti s cilem navrhnout
nejvhodnéjsi techniku k ur¢eni hlavnich problém a vypracovat strategie k jejich pfekonani. Norma EN
12370 byla pouzita jako zakladni test starnuti materialu, dale byly navrzeny ¢tyfi dalSi varianty postupu
s ohledem na rdzny vliv zkuSebnich podminek (koncentrace solného roztoku, teplota, zplsob
kontaminace). Zkousky byly provedeny na tfech typech pfirodniho kamene z Ceské republiky, které
jsou b&zné a Siroce pouzivany pfi restauratorskych zasazich. Cilem bylo ovéfit vliv riznych proménnych
faktor( starnuti na zvétravani materialG s rozdilnymi vlastnostmi, zejména pokud jde o porézni strukturu
a mechanickou pevnost. Proces starnuti byl kontrolovdn pomoci nedestruktivnich technik: vizualnim
pozorovanim a fotografickou dokumentaci, zaznamenanim absorpce soli, zmény i ztraty hmotnosti a
pomoci méfeni ultrazvukové pulzni rychlosti. Po dokonéeni testd starnuti byly vzorky otestovany pomoci
destruktivnich metod: stanoveni distribuce soli a mikrostrukturni analyzy za pouZziti skenovaci
elektronové mikroskopie. Vysledky rdznych metod prokazaly nejvétsi rozdily pfi poSkozeni zpisobeném
zménami koncentrace solného roztoku. Metoda kontaminace a &etnost mély také vyznamny efekt,
avSak ty byly i pfimo zavislé na povaze porézni sité. Rlzna teplota suSeni méla na starnuti nejmensi
stanovitelny dopad. Zavérem je diskutovano detailni srovnani rozdilnych testovacich podminek a jejich
vliv na starnuti kamene a doporucen postup pro dosazeni realistickych podminek pro dalSi zrychlené

starnuti pomoci soli.

Klicova slova: Krystalizacni zkouSka, trvanlivost, siran sodny, stavebni kéamen, simulace solného

zvétravani.
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Aging tests to assess the durability of building materials to salt crystallization

1. INTRODUCTION

1.1 Motivation

It is well established that soluble salts are a major cause of damage to porous materials in the built
environment. For a long time, salt’'s damaging effects have been seen in masonry buildings in varying
degrees of severity. Soluble salts can cause aesthetic, moisture, material, and structural damage which
are all inter related [1]. As many historic buildings are masonry structures, which are made of highly

porous materials, the damage salt causes can be significant.

Currently, the main sources of salt include air pollutants (i.e: SOx, NOx, marine spray), salt-contaminated
ground water (rising damp), as well as the building materials themselves (contaminated materials, i.e.
poorly washed sand used in mortars, or through chemical reactions due to weathering agents involving
moisture transport, i.e. leaching of sulphate products). Sodium sulfate (Na2SOa4) specifically, occurs
naturally and is produced as by-product to many manufacturing processes [2]. It is also reported as one

of the most damaging salts found in deteriorated building materials [3] [4] [5].

Salt action can compromise the structural stability and the aesthetic aspect of heritage buildings.
Therefore, it is essential to be able to assess the durability and compatibility of repair materials, with
respect to salt crystallization, when planning a restoration intervention. This will enable selection of the
most suitable repair materials, thus ensuring compatible preventive maintenance and restoration work
can be carried out on historic structures and monuments. However, to achieve this, a standardized,
realistic, and widely accepted testing protocol is required to ensure meaningful and consistent results.
Presently the EN12370 standard for testing natural stone’s durability to salt crystallization is often used,
but also criticized for being excessively aggressive and unrealistic in simulating wreathing on-site. The
complexity of understanding the behaviour of different salts and the characteristics of various porous
building materials, compounded by trying to accurately represent real environmental conditions in the

laboratory, all contribute to the present lack of representative and comprehensive testing.
1.2 Objectives

The objective of this research is to consider the existing tests used to determine the durability of stones
under salt attack, develop potential alternative testing procedures, and assess their effectiveness. The
focus of the aging tests performed is to improve the testing conditions prescribed in EN12370 to develop
a more realistic accelerated procedure. As this is a very large and complex topic, the goal will be to
consider the impact of sodium sulfate specifically. The scope of this dissertation was modeled on a
portion of the scope of the recently created RILEM Technical Committee entitled “Accelerated laboratory

test for the assessment of the durability of materials with respect to salt crystallization”.
1.3  Thesis Outline

This thesis considers the existing body of knowledge on the subject of accelerated durability testing due
to salt crystallization through a review of literature and standards. The theory and history of tests dealing
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with salt crystallization are discussed. Furthermore, the physiochemical properties of sodium sulfate and
characteristics of porous building materials are discussed in detail to understand how and why damage
is caused.

Next, the methodology of the different tests and experiments conducted throughout the research is
detailed. Following this, a section is dedicated to characterizing the three types of stone that were
studied in this thesis. Available information on the porosity, pore size distribution (PSD), mechanical
strength, petrography, and several other intrinsic characteristics that influence the durability of natural

stone are presented.

The development of the new testing procedures considered is discussed. Modifications to the
environmental and procedural factors of the EN12370 protocol, including the salt concentration,
contamination conditions, frequency of recontamination, and drying temperature are elaborated.
Following, the methodology for the testing techniques employed to analyse the results of the aging test
are discussed. These techniques include visual observation, monitoring of mass evolution and mass
loss, ultrasonic pulse velocity (UPV), microstructural analysis using scanning electron microscope

(SEM), and evaluation of the salt distribution using electric conductivity measurements.

The results of all four variations of the EN12370 protocol are presented and compared in relation to the
standard. Trends and anomalies observed through the various analysis methods are discussed in detail
to develop a comprehensive and cohesive understanding of the impact each modified variable of the
EN12370 standard has on the test results. Finally, in reference to the observed results,
recommendations on the parameters that should be modified to help ensure a more realistic accelerated

salt crystallization aging test procedure are given.
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2. STATE OF THE ART

2.1 Existing Accelerated Aging Tests on Salt Crystallization

Deterioration due to cycles of salt crystallization-dissolution is a major cause of damage in historical
building materials [6]. Salt weathering is a naturally occurring phenomenon due to the presence of salts
and fluctuations in moisture and temperature. As previously mentioned, sources of salt contaminates
include the construction material itself, interactions with atmospheric pollutants, ground water
absorption, and even living microbes on the materials [6] [7] [8] [9]. The effects of salt attack can have
significant aesthetic and physical ramifications. An example of its impact on the structure and decorative
material the church of Sant Pere de Rubi in Spain, are shown in Figure 1. Due to these negative effects,
assessing the durability of masonry materials to the impacts of salt crystallization is important for the

conservation and restoration of historic monuments and buildings.

Figure 1: Salt damage in the church of Sant Pere in Rubi, Spain

(a) salt crust at the base of a column due to rising damp; (b)
large concentration of fluffy efflorescence on decorative wall
painting; (c) detail of the corner of a lateral chapel showing
significant moiture and salt damage in a lateral chapel

Assessing durability is not a new endeavour. Although the techniques used today may vary from those
of the past, attempts to evaluate the durability of building materials have been documented for at least
two thousand years. Prikryl [10] summarizes historic accounts of durability testing such as leaving
stones outdoors in extreme weathering conditions (e.g. stacking blocks of stone in a beach) to weather
for one to two years prior to selecting which stones to use. The first accelerated ageing testing recorded
in 1828 aimed at assessing the resistance of stone to freeze-thaw cycles, but it used sodium sulfate as

the ‘crystallization agent’ [10] [3].

Currently, several recommendations and standards exist to assess the durability of stones affected by
salt crystallization (RILEM 1980, EN12370, WTA 2005, RILEM 1998). Attempts have also been made
to develop mathematical models to predict the durability of masonry materials based on properties such
as mechanical strength, crystallization pressure (i.e. pore size and supersaturation), salt transport during

drying, and other factors [3]. However, some of these approaches do not transfer well into describing
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the damage being seen on a micro and macro scale and the overall complexity of the problem has

limited the validity of these models.

Laboratory testing also has its drawbacks, largely due to the difficulty in accurately simulating in-situ
conditions in an experiment and accelerating the deterioration in a realistic approach. A detailed
comparison of four of the most common tests currently used in the laboratory was done by Lubelli et al.
[3]. The authors highlight that the aim of a reliable salt crystallization test is to assess and, if possible,

predict the durability of a material (or materials) when used in a real construction.

Common laboratory accelerated salt crystallization procedures (RILEM 1980 V.1a, V.1lb, and V.2,
EN12370) involve cycles of combined contamination and wetting of the test specimen followed by drying
in an oven for 215 hours. Contamination exposure is usually achieved through partial or complete
immersion in a salt solution. Drying may be carried out at more moderate conditions as well, such as at
a temperature of 20°C and a relative humidity (RH) of 50% prescribed in RILEM (1998) MS-A.2.
Alternative testing formats to the wet/dry cycles include humidity cycling [11] or continuous partial
immersion (WTA 2005, RILEM 1998 MS-A.1). In any test, the most important factor to ensure is the

occurrence of wet/dry cycles as this is the trigger for damage [3].

Different factors and conditions can greatly impact the results of the tests. To develop a realistic and
reliable testing procedure, the question that needs to be answered is: which type of specimen (single or
combined), salt type and concentration, contamination method, environmental factors (wet-dry cycles,

continuous salt solution supply) and drying procedure will achieve realistic and reliable results?

Firstly, considering the type of specimen to be used, either single materials or combinations, such as
masonry units or plaster-substrate systems, must be considered. The difference in the physical and
chemical composition between two types of materials tested by themselves can change the behaviour
and results of the test. Add in the interaction between a mortar and masonry unit with respect to physical
aspects, chemical reactivity, and water transport mechanics, the situation becomes increasingly

complex when considering all types of building assemblies that could be tested.

Salt type and load are other important factors since the type of salt changes how and when damaging
stresses are developed, and concentration affects the quantity and rate of damage. For example,
sodium sulfate (Na2S04) and sodium chloride (NaCl) are reference salts widely used in durability tests.
Due to their thermodynamic properties and kinetics of crystallization, sodium sulfate induces damage
when thenardite is hydrated to mirabilite with liquid water, while sodium chloride causes damage during
drying [3]. Additionally, to induce deterioration, enough salt must be present in the material to develop
crystallization pressures greater than the mechanical strength of the material [9]. Contamination of
specimens with low salt concentrations may take many crystallization-dissolution cycles to cause decay,
while a high salt load may accelerate this process requiring less cycles for deterioration. However, high
salt content can also slow the drying time of a specimen, requiring more time for each wet/dry cycle. In

accelerated testing, the salt type should be selected to match the environment for which the material
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will be used in. Additionally, some researchers recommend salt loads as low as 1-2%wt. for Na2SO4 and
2-4%wit. for NaCl [3].

An important way in which the contamination method can affect the results of an aging test is through
the degree of saturation with salt solution. This factor is also largely dictated by the absorptive properties
of the material. If partial immersion is employed, highly absorptive materials are likely to become
saturated in a short period, whereas in the case of less absorptive materials, long periods may be
required to reach saturation. Additionally, partial immersion allows absorption and evaporation to occur
simultaneously, changing the dynamics of the water/salt solution transport mechanisms compared to
complete immersion. Complete immersion ensures a more uniform salt distribution within the material.
Immersion tests have been found to induce more damage, but they may not represent realistic in-situ

conditions [5].

Environmental test conditions such as relative humidity, temperature, and air flow are significant both in
the drying [3] and wetting phase [12]. Using more realistic environmental conditions can help to ensure
that the damage mechanics reflect those occurring in natural exposure conditions. However, tests may
take over a year to attain results [13]. In terms of drying time, increasing the temperature can accelerate
this process, however this may negatively impact test results if the porous building material contains

compounds whose structures change at elevated temperatures [3].

The methods of monitoring and evaluation of the deterioration mechanisms are a crucial aspect of any
accelerated aging test. Monitoring through visual observation is the simplest approach, and some
durability ratings such as the Alteration Index [4] rely on it. However, the subjectivity inherent to this
approach can make comparing results between experiments impossible. Tracking the mass evolution
is recurrently employed, as also prescribed in the EN12370 standard. Nevertheless, due to the
competition between salt uptake and mass loss, interpreting changes in mass can be difficult. Other
technigues used include evaluating the mechanical strength properties (e.g. dynamic modulus of
elasticity), analysing microstructural alterations (e.g. with scanning electron microscopy (SEM), and
assessing changes to the porous structure (e.g. using mercury intrusion porosimetry (MIP) [3] [5]. The
challenge with a lot of these evaluation techniques is the influence the salt has on the results. Samples
could be desalinated to determine the actual mass of only the test materials, or the alterations to the
porous network for example, however this disrupts the aging process. Therefore, desalination and

subsequent analytical testing is usually only completed at the end [3].

The impact and limitations of using different experimental conditions, in addition to the effects of the
type of specimen, the salt type and concentration, additional environmental conditions, and the methods
of assessment have on testing are all discussed in more detail by Lubelli et al. in [3]. Despite the several
limitations outlined, laboratory accelerated salt crystallization tests are the most technically accessible

approach for rating the resistance of porous building materials to salt damage.
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2.2  Characteristics of Sodium Sulphate & Porous Building Materials

221 Sodium Sulfate phase diagram, thermodynamics, and kinetics of crystallization
Itis well established that sodium sulfate (Na2S0a4) is one of the most destructive salts for porous building
materials [3] [4] [5]. The harmfulness of sodium sulfate is mainly due to in its tendency to supersaturate
due to the differing solubility values of it's hydrated forms, which leads to high crystallization pressures
[3]. Therefore, understanding sodium sulfate’s potential for damage first requires an understanding of
its intrinsic properties under varying environmental conditions, and then, how it interacts with porous

building materials.

Depending on the temperature, and relative humidity of the environment, and the concentration of the
solution, sodium sulfate can exist in several forms. In total, the salt can manifest in one of eight crystalline
phases, however only five are seen at atmospheric pressure and within the temperature range
considered for this research (<110°C) [7]. Of the five possible phases three are anhydrous states
(phases lll, 1V, and V) and two are hydrates (hepta- and deca- hydrate). Of these, phase V (thenardite)
and the decahydrate (mirabilite) are the stable forms while the other three are metastable [7] [8].
Therefore, the most likely phases to form are either the anhydrous thenardite (Na2SO4 (V)) or the
decahydrate mirabilite (Na2S04-10H20) [7] [8], although the heptahydrate (Na2S0O4-7H20) has also been
observed and studied in the lab and in-situ [14]. The various states and when they are formed are shown
in the phase diagrams in Figure 2, which has been constructed with detailed and up-to-date theoretical
and experimental data [8]. Relating to porous materials, the consensus in the field is that salts growing
under supersaturation conditions and in confined spaces, like pores, will exert tensile stress on the
material. As mentioned in [7] these forces can cause damage for masonry materials that generally have
low tensile strengths, although Steiger and Asmussen address the issues of the macroscopic scale of

tensile strength versus the microscopic scale of crystallization pressure and how a simple comparison
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Figure 2 : Sodium sulfate phase diagrams constructed from theoretical and experimental data [4]

a) Phase diagram for variations in concentration and temperature: solubility of (1) Na2S0O4-10H:0, (2)
Na2S04(V), (3) Na2S0a4(lll), (4) Na2S04-7H20, freezing temperatures (5), and boiling temperatures (6).

b) Phase diagram for variation in relative humidity and temperature. Curves represent stable (—) and
metastable (---) equilibria; solid-solution equilibria (1)-(5) and the solution-vapour equilibrium (6)
corresponds to the curves in (a) of this figure, the remaining curves represent solid-solid equilibria, i.e.
(7) NazS04(V) - Na2S04-10H20, (8) NazS04(V) - Na2S04:7H20, and (9) Naz2SOu(lll) - Na2S04:10H20.
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Figure 3: Simplified T-RH phase diagram of sodium occupies the greatest space, being 314%

sulfate [14]. The continuous lines indicate the larger than thenardite crystals [7] [15] [5].

boundaries of stable phases; discontinuous line
corresponds metastable equilibrium. Solubility (Figure 2a) also significantly
impacts the phase of sodium sulfate and is

similarly dependent on temperature changes. Depicted in Figure 2a, the solubility curve of mirabilite (1)
slopes upwards rapidly to the limit for stable mirabilite at temperature (T) of 32.4°C [15] [5]; above which,
mirabilite is theoretically in solution regardless of the concentration. In contrast, the solubility of
thenardite changes very little with temperature and even decreases slightly with increasing temperature.
However, the most important aspect is the relative solubility of thenardite and mirabilite. As the
temperature decreases, this Na>:S04(V)-Na2S04-10H20 solubility ratio increases rapidly which will
impact the kinetics of crystallization as a solution supersaturates [8]. For example, in porous construction
materials contaminated with sodium sulfate, exposure to moisture will cause thenardite to dissolve, but
the solution will become supersaturated with respect to mirabilite before thenardite at lower
temperatures. This will lead to the crystallization of the hydrate and potential damage of the material as
the hydrous crystal structure is larger than the anhydrous phase. The lower the temperature, the greater
the discrepancy in solubility and the more mirabilite with crystallize, generating greater pressures and
therefore causing increased damage.

Figure 2 presents a simplified version of the phase diagram for sodium sulfate that effectively describes
the most important phase changes of sodium sulfate for the current research. The phase diagrams show
that at room temperature (ca. 20°C) sodium sulfate is present as thenardite unless a high relative
humidity is reached, specifically between 76.4-95.6%, at which point mirabilite becomes the stable
phase [8]. During the drying process of a solution at room temperature, from the phase diagrams in
Figure 2 and Figure 3the theoretical thermodynamic pathway would be the precipitation of mirabilite
followed by dehydration to thenardite. Experimental studies performed by Steiger and Asmussen,
showed that other phases (such as the heptahydrate, the anhydrite Ill and V) can precipitate directly
from solution as well [8]. At a relative humidity below ca. 76%, lower temperatures can also cause the

phase shift from thenardite to mirabilite.
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When applied to the case of a porous building material contaminated with sodium sulfate, the damaging
potential of changing humidity conditions was investigated by Desarnaud et al. [6]. This study focused
on the kinetics of salt crystallization and with their experimental process found that while wet/dry cycles
with liquid water lead to a crystallization process that induces damage in the stone tested, humidity
cycles did not. This renders humidity testing less effective when using sodium sulfate. Despite reaching
supersaturation, the growth period of the hydrated salt during relative humidity cycling was brief and the
crystals would subsequently dissolve resulting in an homogeneous solution. Thus, large crystallization
pressures did not develop. In contrast, dissolution-crystallization cycles with liquid after the initial salt
contamination formed heterogenous solutions within the specimens. As the dehydrated thenardite
crystals began to dissolve, the solution reached supersaturation with respect to mirabilite even before
all the thenardite dissolved. Additionally, crystals likely develop quickly within in all pore sizes preventing
the thenardite-mirabilite equilibrium from being maintained [5]. The remaining thenardite crystals provide
nucleation sites for mirabilite which was observed to crystallize more rapidly, leading to higher

crystallization pressure [6].

2.2.2 Physical characteristics of porous building materials in relation to salt damage

Porous building materials such as stone, brick, mortar, and concrete have unique intrinsic characteristics
that will impact the way salt crystallization-dissolution processes will affect their material integrity. As
previously mentioned, the level of damage that salt can cause depends on several factors such as the
type and amount of slat, environmental conditions and, of course the material properties, namely the

porous structure and mechanical strength [5].

The porous structure of a material can be described by several parameters such as the open porosity,
pore size distribution (PSD), density, and specific surface area. The study of these characteristics is
fundamental to understanding water transport within their network [16]. This, in turn, is necessary for
understanding the impact of salt crystallization. It is the crystallization-dissolution and re-mobilization of

salts that lead to the development of damage [3].

Liquid water can be transported though porous media by capillary action, which is one of the most
important mechanisms when studying the interaction of water with porous building materials. At the
atomic level, it is governed by the relationship between the attractive forces within water (cohesion) and
the attractive forces between the inorganic material and water (adsorption). These attractive forces
result from the polar nature of water and mineral molecules in porous materials. The movement of water
into pore networks is continued by the attraction of water molecules to ‘dry’ surfaces further along the

pore channels [17].

The relationship between cohesive and adsorptive forces that describes the capillary phenomena is also
affected by the size of the pores within the porous building material. The hydrogen bonds that water can
form with other polar molecules is not very strong (compared to ionic and covalent molecular bonds).
Therefore, only water molecules close to the pore walls are affected by the adsorption effect. Due to

this, smaller pores can draw water further into their network, but larger pores transport water more
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quickly due to their larger cross-section [17]. The rate of liquid this water transport can be described by
the capillary absorption coefficient [18]. Researchers Angeli et al. have suggested that this coefficient is
the most important parameter for predicting durability as it relates to the ease of migration of a solution
into the pore network [19]. In their study, they found linear correlation between the capillary absorption
coefficient and the Alteration Index (defined as the number of cycles it takes for damage to first be
observed [4]).

Other factors (capillary condensation and gravity) dominate when pore sizes are larger or smaller than
the capillary pore range, preventing the mechanisms of capillary action [17]. The range of capillary
pores, from ca. Imm to a few nanometers, is thus named because capillary action is the governing
mechanism (Figure 4). Most inorganic building materials pore sizes are within the capillary pore range
[8] [17].

Macropores Micropores Nanopores

>1mm 1mm-=10um | 10pm- 0.1 um | 100 nm- 10 nm <10 nm

Liquid water flow

Capillary absorption

Water vapour adsorption and surface diffusion

Capillary condensation

Water vapour diffusion

Figure 4: Water transport mechanisms depending on pore diameter [17]

Aside from affecting the mechanics of liquid transport, the pore size distribution also influences the
susceptibility of a material to damage from salt crystallization. Several experimental and theoretical
studies demonstrated that crystallization pressure increases with the decrease of pore size [9].
Therefore, materials with a large fraction of micropores, are more vulnerable to salt attack [5]. Yu and
Oguchi developed a durability estimator called the salt susceptibility index (SSI) based on this concept
[20]. The estimator combines several factors related to pore size and connectivity to develop this ranking
metric. However, this study also noted that pore size is not the sole contributing factor to salt decay. The
impact of the overall porosity, capillary absorption, connectivity of the pore network, pore shapes, and

specific surface area, all need to be considered to interpret the durability of stones [5].

While capillary absorption is a relatively rapid mechanism, evaporative drying is slower and governed
by different transport processes throughout the different stages of drying. When a porous material is
saturated, water will evaporate from the surface (i.e. the evaporation front is located at the surface);
capillary transport will continue to draw more liquid to the exterior until a critical moisture content is
reached and capillary transport is inhibited. Subsequently, drying through vapour diffusion becomes the
most important mechanism. Since porous construction materials are not homogeneous, there will be a
transition phase where drying will be governed by a combination of both mechanisms (capillary and
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vapour diffusion), during which the evaporation front will recede into the material. Finally, when no liquid
water remains, drying will be dictated solely by vapour diffusion, which is a very slow process. Vapour
diffusion will continue until water from the porous structure is completely depleted, or until the residual

moisture content (determined by the environmental conditions) is reached [17].

In the presence of soluble salts, as the drying of a porous material progresses, the movement of salt will
become increasingly restricted. Firstly, salts will be drawn by capillary action towards the surface where
evaporation takes place. The re-mobilization of salt during drying leads to the development of salt
gradients in the medium [19]. Once the drying process reaches the critical moisture content, transport
of salts is greatly reduced, although it is not completely restricted. Layers of water that are adsorbed
into the pore walls can still dissolve and transport salts, a phenomenon known as salt creep, which even
allows salt movement below the relative humidity equilibrium. Due to the hygroscopic nature of soluble
salts, they self-contribute to their own transport within a material because they attract and hold moisture
in their structure. This hygroscopic nature of salts is the main cause for the reduction of the drying rate
of salt contaminated materials [17].

The dynamics of evaporation is a factor of outmost importance in the resulting level of damage. As
confirmed by Angeli et al. [19] from their comparison of damage induced by partially immersion and total
immersion of specimens with 3-4 sides sealed. While both the surfaces of the samples covered by
solution in the partial immersion test and the sealed faces of the sample from the complete immersion
test experience complete saturation with the salt solution, only the capillary samples and the exposed
surfaces of the immersion samples showed damage. This indicates the importance of evaporation to
the development of damage. It concluded that the more opportunity for evaporation leads to faster

development and greater damage.

The mechanics of capillary transport, evaporation, and vapour diffusion within the material combined
with all the physical properties of a pore network all need to be understood if an accurate and realistic
prediction is to be made. Additionally, when considering the durability assessment of materials already
in a construction, the existing state of the material must be considered. Weathered and sound stones
from a quarry may have a very different, as for instance biological presence, patinas, and past
deterioration from weathering can change the ‘breathability’ of the material and affect the water and salt
transport mechanism [3]. Finally, the additional variability and complexity the many environmental
factors discussed can have on accelerated salt aging tests during wet and drying processes makes the

development of simple yet realistic and effective testing standard a challenge.
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3. METHODOLOGY

3.1 Stone Characterization Tests

3.1.1 Capillarity Absorption Test
The water absorption by capillarity curves and the calculation of the absorption coefficient of each stone
was determined following the experimental procedure for ‘Penetration of Water: Capillary Action’
detailed in [21]. Three specimens of each type of stone were placed in a container on top of a mesh and
distilled water was added to the height of 2-3mm up the sides of the stone. The stones were weighted
at regular intervals and the water front was registered as time progressed. As some of the stones
showed a very slow absorption rate, readings were continued up to six days depending on when the
stone finally reached a stable saturation level. This also allowed for the determination of the maximum

absorption capacity of the three types of stone.

3.1.1 Drying curve at 50% RH
The drying curve was determined according to RILEM 25-PEM [18] for each of the types of stone used
in this research to help in the analysis of the accelerated aging tests. Three samples from each lithotype
were used. They were first immersed in distilled water until saturation, then all but the top face was
sealed using plastic wrap and tape to ensure unidimensional evaporation. The stones were placed in
an environment with 50 +5% relative humidity and a temperature of 20 +2°C. The weight of the specimen
was recorded several times within the first eight hours of drying and subsequently every 24h (excluding

weekends) until the moisture content in the stones stabilized.

3.1.2 Drying Test at 50% RH with salt impregnated samples
To study the effect of salt on the drying behaviour of the stones, the same drying test as described in
3.1.1 was conducted with the same specimens, but using a salt solution of 14 w.t. % Na2S04-10H20

instead of distilled water to saturate the stones.

3.1.1 Oven Drying Speed

The drying speed of Bozanov and Mseno was tested to ensure, the selected time for drying in the new
aging test would be sufficient for most of the water mass (>80%) to evaporate. As Opuka was added to
the experiment after the procedure had been set, its drying speed was not analyzed. The test was
conducted by immersing six samples of each stone in distilled water for 2 hours. Then three samples of
each stone were placed in an oven at 40°C and the other three samples in an oven at 60°C. After two
hours of drying, the samples were removed and weighted so the remaining water content could be
determined. The stones were replaced in the oven to continue drying overnight and were again weighted

after more then 20 hours of drying.
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3.2  Accelerated Salt Aging Test

The accelerated aging test was designed based on the existing EN 12370 standard for Determination
of resistance of natural stone to salt crystallization. This norm entails conducting multiple cycles of stone
sample immersion in sodium sulfate followed by drying in an oven for at least 16 h [12]. In practice, a
salt crystallization test should reflect the real materials and material combinations in heritage
constructions, however the scope of this research focuses on the performance of stone materials solely.
Although the concepts can be transferred to the assessment of other materials such as brick, the
evaluation of compatibility of material combinations (e.g. combination of mortars and masonry units)

requires further consideration [3].

This research was based on EN 12370 experiment and 4 variations of this procedure were designed.
The specimens used in all the tests were cut into cubes with side dimensions of approximately 5 cm. All
the stone specimens were then washed to remove debris and dried in a ventilated oven at 60°C until
they reached constant mass. Each sample was labeled and weighed to establish its initial undamaged
dry weight. In total, twelve cycles of wetting and drying were carried out for all five of the experiments.
Following is a description of the five different procedures, and a summary of all the procedures is

provided in Table 1.

Test Procedure 1

This procedure follows the EN 12370 standard and each subsequent procedure is derived from

modifying this baseline process.

In each cycle, samples were completely submerged for 2h in 14 wt.% sodium sulfate decahydrate
(Na2S04-10H20) ensuring they were covered by ca. 10mm of salt solution. Each sample was placed in
its own container, which was covered with plastic wrap during immersion to prevent evaporation (Figure
5). After wetting, the samples were weighed and placed in an oven at 40°C and an initial high relative
humidity (RH) achieved by placing approximately 350mL of water in a pan at the bottom of the oven. At
2 h intervals, the temperature (T) of the oven was increased to 60, 80 and 105°C. Once at 105°C the
samples were left overnight to dry at this temperature. The next day, the specimens were removed from
the oven and left to cool in a desiccator for an hour at which point their new dry weight was recorded

before beginning the next cycle.
Test Procedure 2

In this variation, samples were submerged in 7 wt.% Na>S04-10H20. The rest of the procedure, drying

times, and temperatures were the same as in Test Procedure 1.
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Figure 5: Wetting Phase

Top Left — example of
samples during immersion.

Top right - example of

capillary samples.

Bottom - preparation for
immersion with plastic

covering

Test procedure 3

Contamination with the salt solution was achieved via partial instead of complete immersion. In each
cycle samples were placed in a Petri dish with 3(x1) mm of solution for 2h. In the 1st, 51, and 9% cycles
this solution was 14 wit% Na2SO04-10H20. In all other cycles, the stones were simply re-wetted with
distilled water. To limit salt solution evaporation from the Petri dishes, the samples were covered with a
plastic container during the wetting period. After wetting the samples were dried in the same process as
in Test 1.

Test procedure 4

Test Procedure 4 once again used 14 wt% Na2SO4-10H20 solution and contaminated the specimens
through 2h of total immersion. The variation came in the drying process. After the wetting phase, the
samples were placed in an oven at 40°C, providing an initial high RH same as for the other test
procedures. However, after 2h, the temperature of the oven was increased to 60°C, instead of 105°C,
and the samples were left overnight to dry at this temperature.

Test procedure 5

The final procedure conducted combined all the variation of Test 1 seen in Test Procedures 2-4. A
solution of 7 wt% Na2S04-10H20 was used and contamination was achieved through partial immersion.
Re-wetting of the samples was done with salt solution in cycles 1, 5, and 9, but only distilled water in all
other cycles. Finally, overnight drying of the specimens was carried out at the lower temperature of 60°C
(after the initial 2h at 40 °C).
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Reference Test

A reference test where specimens were only exposed to distilled water was also conducted. In each
cycle, samples were submerged for 2h in distilled water ensuring they were covered by ca. 10mm of
water. The immersion containers were covered to prevent evaporation. After wetting, the samples were
weighed and placed in an oven at 40°C and an initial high RH achieved by placing approximately 350mL
of water in a pan at the bottom of the oven. A reference sample for each of three types of stone was
dried according to the drying phase described for procedures 1-3 (high T - 105°C), and one sample was

dried according to procedures 4-5 (low T - 60°C).
Additional procedural details that applied to all the tests include the following:

e |If the cycles could not be continued the following day, the specimens were left in the oven at
their respective drying temperatures.

e At intervals of 4 cycles, testing would be done on the specimens to monitor their deterioration
(as described in section 3.3.3), on these days the specimens were stored in a desiccator at

room temperature.

Table 1: Summary of testing procedures for accelerated aging tests

Exposure | Concentration of : : o
Procedure Rewetting Drying Conditions
Method Salt (w.t.%)
R Immersion 0% All Cycles - Water Samples for both conditions
S1 Immersion 14% All Cycles - Salt Start 40°C increase to 105°C
S2 Immersion 7% All Cycles - Salt Start 40°C increase to 105°C
Capillary Cycles 1, 5, 9 — Salt L .
S3 ] 14% Start 40°C increase to 105°C
rise Other cycles- Water
S4 Immersion 14% All Cycles - Salt Start 40°C increase to 60°C
Capillary Cycles 1, 5, 9 — Salt L .
S5 ] 7% Start 40°C increase to 60°C
rise Other cycles- Water

The EN12370 standard was established almost 20 years ago, and is still used today, but investigating
the variations detailed in the five test procedures above have been done with the aim of moving towards
a more realistic testing procedure. As stated in [3], an effective laboratory aging test should reliably

simulate the in-situ behaviour of the material being tested, but within a short period of time.

In light of this, the exposure paths of partial versus complete immersion were considered. Most buildings
and monuments are never completely immerged in salt solution, although it is recognized exceptional
building circumstance or flooding can occur in certain areas that may cause this. However, this is
considered the exceptional circumstance; in the majority of situations building materials are exposed to
moisture (and salts) from the ground (rising damp) and/or rain. The distribution of salt within constructive
elements depends on the contamination method, and the same applies to laboratory experiments (e.g.
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partial versus complete immersion). Hence, both partial and total immersion procedures were

considered in this work.

Salt concentration is another factor of major importance in the degradation process. The concentration
of salt was reduced to 7wt.% for some of the procedures. This was also done because such high
concentrations (14wt.%) are not realistic [3]. As mentioned in the methodology, high concentration of

salt solution may even induce damage that is not seen in real building.

It is for these same reasons that re-wetting with water was also considered. In the natural environment
many sources of moisture, such as rain, ground water, and high RH often wet masonry materials without
introducing more salt, yet damage still develops. Studies have shown that even simple re-wetting and

re-mobilizing sodium sulfate can cause damage without additional salt [6].

The stipulated contamination time prescribed in the EN12370 standard (2 h) was maintained in all the
test procedures. Complete drying after re-wetting helps accelerate damage, but ensuring that at least
80% of the water introduced has evaporated can be considered as effective and has the advantage of

reducing the testing time [11].

Drying at the extremely high temperature of 105°C as prescribed in the EN12370 standard is not in line
with any thermal conditions occurring in the real environment. Drying temperature influences where and
how salt crystallizes. Under natural environmental conditions, salt usually accumulates close to the
surface. If the drying temperature is too high, the drying rate will increase and salt will tend to crystallize
in the interior of the stone leading to internal damage in the stone, which is not a damage mechanism
seen in-situ [3]. For stones and/or other masonry components under testing that are shown to lose most
of their water content after drying at a lower temperature, using a reduced temperature would better
simulate in-situ conditions. Moreover, in a study on the crystallization phases of sodium sulfate by
Steiger & Asmussen, was able to attain results with 12 hour drying cycles, even at a temperature of
27°C with a dry atmosphere [8]. Therefore, more realistic thermal conditions should be achievable in a
laboratory test. To this end, the drying temperature was modified to 60°C for some of the test procedure.
A temperature of 40°C was initially proposed, however due to limited availability of ovens, a temperature

of 60°C was used.

Other variations, such as relative humidity cycling, was not investigated following evidence of the lack
of efficiency of this process in developing crystallization pressure when using sodium sulfate, as

mentioned in the state-of-the-art [6].

As previously mentioned, it is known that the process of dissolution-crystallization causes damage with
sodium sulfate, therefore more cycles would cause more damage. But, due to limited time for the

experiments, only 12 cycles were feasible to perform.
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3.3  Monitoring and Deterioration Analysis Tests

3.3.1 Visual Observations

To help document the deterioration of the specimens and the alteration in their visual aspect, visual
observations were made during each cycle. Additionally, photographs of the specimens were taken at

the end of each drying stage to document the damage caused during the previous cycle.

3.3.2 Mass Evolution and Mass Loss

The mass of each specimen was carefully monitored throughout the entire experiment. The initial dry
mass and subsequent dry mass of the specimens after each drying phase was measured on a digital
balance with resolution of 102 g and accurate to 102 g. Additionally, the saturated weight after the

wetting phase was also recorded in each cycle.

Material loss during the wetting, drying, or intermediate phases, was carefully tracked. Any large losses
of material during drying or while handling the samples between the experimental stages was collected,
measured, and recorded. However, within each cycle the mass losses from general handling were very

minute and therefore neglected.

During wetting, each specimen was placed in its own container allowing for easy collection of the mass
lost in this phase. At intervals of four cycles, the lost material from each stone was decanted from the
remaining salt solution, rinsed with distilled water to remove the salt, and then put in smaller containers
to dry in the oven until constant mass. Figure 6 shows an example of the collected and dried material.
For the samples that were used in the ultrasonic testing described in section 3.3.3, the mass loss during

desalination was also collected, dried, and weighed.

Figure 6: Example of collected and dried mass loss during wetting

3.3.3 Ultrasonic Testing
Ultrasonic pulse velocity (UPV) testing was used to help track the progression of damage in the different
specimens. In the past, several research studies have attempted to relate the UPV to various stone
properties such as mechanical strength, porosity parameters, density, and for used the determination

of the dynamic modulus of elasticity [22]. It can also be used to assess the level of weathering or
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deterioration in stones. The velocity of ultrasonic waves is affected by inelastic and elastic properties.
The main properties include the stones mineralogy, physical properties (porosity, pore space, density),
mechanical properties (strength), the degree of water saturation and the level of deterioration [22]. Many
of these properties can be affected due to damage induced by salt crystallization cycles. Measuring the
UPV after salt weathering can help provide insight into the degree of damage inflicted. As referenced in
[22] the researchers Chiesura et al. highlighted that ultrasonic test data alone cannot provide a full

picture of the deterioration.

The ultrasonic equipment used in this work was a USG 20 device with a 250 kHz vibrator (USG-T) and
receiver (USE-T). The transmission mode technique was used: one transmitter and one receiver.
Testing was conducted on one of each stone types per testing procedure except for the reference (water
aged) samples. Using a pencil, reference lines were drawn on one of the side faces of each specimen
dividing it into five 1cm sections. A measurement was taken at the center of each of these sections,
resulting in five measurements per sample. Measurements were taken before starting the contamination
cycles to characterize the stones in their sound state. Subsequent measurements were taken after 4, 8,
and 12 cycles, and finally after desalination. Desalination was carried out by immersing each sample in
distilled water and changing out the water once or twice a day to rinse the salt out of the stone’s fabric
as best as possible. To accelerate the desalination process and prevent further damage due to the
hydration of thernadite to mirabilite during wetting, the specimens were submerged in water at a

temperature of 40°C and placed in an oven to maintain this temperature.

3.3.4 Salt Distribution

The distribution of salt within the stone specimens was investigated using the properties of electrical
conductivity of saline solutions. One sample from testing procedures 1, 4, and 5 were selected for each
of the three stone types. A rectangular core with a 1cm by 1cm cross section was saw-cut (without
water) from the center of each of the cubes selected. This core was then divided into slices with a
thickness of 5mm. Since the specimens have ca. 5cm length, theoretically, 10 slices should be obtained.
However, due to the thickness of the saw blade used to cut the samples only 7 slices were obtained
(Figure 7).

Figure 7: Cut samples for the salt distribution analysis
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Each of these specimens was ground into a fine powder and mixed with ca. 50mL of distilled water to
solubilize the salt present in each slice. Each solution’s conductivity was measured, from which the
concentration of salt in each stone slice was determined. With this data, the influence of each ageing

test procedure on the salt distribution within the stones could be evaluated.

The stones can have exchangeable ions that might contribute to the conductivity of the solutions.
Therefore, samples of the reference stones were also taken, crushed, mixed with distilled water and
their conductivity measured. With this baseline information for each type of stone, a more accurate

measure of the salt concentration in the contaminated samples could be made.

A suitable conductivity curve of sodium sulphate adaptable to this study was not found in the literature.
Therefore, one was developed by preparing solutions of Na2S04:10H20 with concentrations at 0.01%
steps ranging from 0.00-0.10wt%. Their conductivities were measured and a linear relationship was
established to correlate concentration and conductivity. The conductivity curve and linear relationship

developed from this data can be found in Appendix A: Sodium Sulfate Decahydrate Conductivity Curve.

3.3.5 Microstructural analysis using the Scanning Electron Microscope

Microscopic analysis of select specimens was conducted to analyse the morphology and distribution of
sodium sulphate within the stone’s structure. A MIRA Il LMU (Tescan corp., Czech Republic) scanning
electron microscope (SEM) equipped with energy dispersive X-ray detector (EDX) from Bruker
Corporation (Germany) was used. The Back-Scatter Electron (BSE) mode was used as the secondary
electron (SE) was causing over charging of the specimen surface. The EDX facilitates elemental

mapping and point analysis for a deeper investigation of the salt distribution within the specimens.

SEM observations were performed on a freshly fractured cross section of each stone specimen (ca.
5mm thickness). This allowed the observation of the morphology of the exterior surfaces and interior
matrix of the stones close to the surface. The samples were then coated with gold and observed under
the SEM. The images were collected under high voltage (15 kV) at a working distance of 15mm and
under high vacuum regime. Samples for each test procedure and stone type were analysed with the aid

of an expert in geology and microscopic analysis.
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4. RESULTS AND DISSCUSSION

4.1 Stone Characterization

4.1.1 General Characteristics

Three types of stone were selected for this study: Bozanov sandstone, MSene sandstone, and Opuka
marlstone. Apart from having been widely used in the past in the construction of monumental buildings
in the Czech Republic, they are also still recurrently used in restoration interventions [23] [24]. Therefore,
the selection of these stone types was based both on their distinct properties, namely regarding their
porous structure and mechanical strength, and on their importance in architectural heritage
conservation. In a recent Czech national project (NAKI18) in which ITAM was a partner, several
properties of specimens extracted from the same stone blocks used in this work were determined [25].

Some of the results from this project were used in this work.
Bozanov

Bozanov is a grey sandstone with beige-brownish spots (Figure 8). It is a locally quarried stone and
commonly used historically in buildings and monuments in the Czech Republic [26]. It is a mid-grain,
extremely hard silicate sandstone with a high level of diagenesis [27]. Similar to other sandstones it is
clasts,

composed of quartz

tourmaline, epidote, muscovite,
and zircone [26]. Figure 9 shows
an image and the composition of
Bozanov’s grains and binder from
a SEM analysis. From the

elemental analysis, it is known that

silica and aluminum oxide are the

characteristics

Bozanov exhibits a relatively

strong compressive strength of ca.

53.1 MPa and a bending strength Compound | BOS-2 | BOS-3
{ & 8MPa [261. Th ) q CaO 1.04 0.54
of 5.8MPa [26]. The porosity an Sio2 61.75 | 60.49
water transport properties of Al203 30.42 | 26.84
Bozanov and the other two stones MgO 2.38 3.34
are discussed in detail in the Na20 0.05 | 031
. . K20 2.84 4.72
following sections
FeO 151 3.77
Total 99.99 | 100.01 T
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Figure 9 : SEM of Bozanov grains and binder
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MsSene

MSene is a type of sandstone from the Czech Cretaceous Basin, mined at the MSené-lazné quarry
located northwest of Prague [28] [25]. It is another stone that has commonly been used in architecture
and sculptures in Prague including in the construction of St.Vitus’s Cathedral at Prague Castle, the
Ministry of Finance, the Ministry of Trade and Industry, and in the restoration of monuments such as
Our Lady with Saint Dominic and Saint Tomas Aquitanus sculptures in the Charles bridge [28].

Petrographically classified as a strengthened sediment, MSene is a fine grained (0.25-0.05mm) calcite-

Table 2 : Mineralogical
composition of MSene [23]

Component | Quantity

Quarts 99.6%
Feldspar 0.2%
Muscovite | 0.1%

Chlorite 0.08%

Figure 10: Example of MSene stone — visual characteristics

argillaceous sandstone of white-grey colour with yellow to brownish spots (Figure 10) [28] [25]. It is a
monomict, equigranular stone mainly composed of quartz with minor contents of clay and other minerals
(such as muscovite) interspersed [25] [28]. The clay intrusions were detected during analysis with SEM-
EDX and are shown in Figure 10. The mineralogical composition using X-ray diffraction as determined
in [23] is given in Table 2 . MSene stone was the focus of the study by Zbysek et al. [28] that concluded
its large pores mean its susceptibility to salt damage is low and therefor it is suitable for use in severe
environmental conditions. MSene sandstone has a compressive strength of 23MPa when dry, which is
reduced to 19MPa when saturated with water [23].

Compound | MS6-3
Sio2 55.09
Al203 43.27
Na20 0.08
FeO 1.55
total 99.99

Figure 11: SEM of a clay
particle in a sample of MSene

sandstone SEMHV. 16.00KkY WD 1597 mm MIRAN TESCAN
View field: 2876 ym  Det: BSE Spm 2
SEMMAG: 848k Date(midy): 0619/17 /|
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Opuka

Opuka stone has commonly been used in historic times
in Prague and central Bohemia in buildings and
sculptures as it was readily available from local quarries
[29] [30] [31]. Opuka stone has also been the focus of
several research studies and widely used in restoration
projects as it's deterioration due to environmental factors

has caused urgent and serious [29] [31].

The characteristics of Opuka stone were studied in detail
by researchers from Charles University, who classified it
as a marly chert [30]. Other sources describe this
marlstone as a ‘clayey siliceous micritic limestone’
belonging to the Upper Cretaceous sediments of
Bohemian Cretaceous Basin [32]. Opuka is an extremely
fine-grained stone, with light beige to yellowish colouring
(sometimes described as golden or ochre [30] [32]) and
often marked laminations [29] (see Figure 13). It is
important to note that all tests and experiments in this
research were conducted parallel to these distinct
bedding planes that show the different sedimentary

layers. A complete characterization of Opuka stone

Figure 12: Example of Opuka stone

—visual characteristics

Table 3: Mineralogical makeup of Opuka

Stone [as referenced in [22]]

Component Quantity
Quartz 50.3%
Calcite 28.1%
Mica 11.2%
Kaolinite 8.8%
Pyrite 0.1%
Geothite * 1.2%
Rutile & anatase 0.3%
Potassium feldspar | Traces

*Gives the stone it’s ochreous colour

should also analyse the stones properties perpendicular to the bedding layer. However, for the purpose

of this research only the orientation parallel to the laminations, which is the most likely orientation

adopted in constructions, was considered.

The mineral makeup of Opuka stone was determined by Pavlik, et al. [30] and a summary is given in

Table 4. In this work, samples were also analysed with SEM-EDX. Other properties of Opuka stone in

the sound condition include [32] [29]:

e Density: 2.65 g/cm?

e P-wave velocity: 1.97 km/s Compound | OP5-1 | OP5-2
¢ Uniaxial compressive strength: C_ao 1663 | 16.16
Si02 71.12 69.68
65.2 MPa Al203 86| 9.03
e Tensile Strength: 5-7 MPa MgO 0.17 0.12
Na20 0.12
K20 0.87 0.92
| FeO 2.62| 3.8
G e .| Total 100.01 | 100.01
SEuwG 20 Oueimiany coTT i/
Figure 13: SEM EDS analysis of Opuka stone
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4.1.2 Porosity and density

Open porosity, water absorption, and bulk density

The results from NAKI18 [23] on bulk density, open porosity, and water absorption coefficient of
BozZanov, M3eno, and Opuka stones are shown in Table 4. The tests were performed using three

samples of each stone type with dimensions of 50 x 50 x 50 mm.

Table 4: Physical properties of Czech stones determined in the NAKI18 project [25] the values are the

average (xstandard deviation)

Water absorption at atm. pressure | 48 at vacuum, RILEM Test No. 11.2.
c
>& 2 -
X = iy G— [T
24 h [%] 48 h [%] S2E 288 | 8EX
Do Os— | 23~
T = o _(%
Stone Type
Bozanov 4.8 4,9 2167,7 17,4 8,0
+0,2 +0,1 + 10,5 +0,4 +0,2
Mseno 12,0 12,3 1861,9 29,7 15,9
+0,2 +0,2 +12,2 +0,4 +0,3
Opuka OV 8,2 9,4 2045,0 23,5 11,5
(parallel to bedding) +0,1 +0,6 + 28,7 +0,8 +0,6

From the data presented in Table 4, it is observed that MSene has the highest open porosity (ca. 30%),
followed by Opuka (ca 24 %). In contrast, Bozanov shows the lowest open porosity (ca. 17%). In terms
of absorption capacity, the same order or ranking applies. Regarding the results of water absorption at
atmospheric pressure and under vacuum (48h), the standard deviation for Opuka is usually the largest,

) ) ] which indicates its higher heterogeneity in comparison
Table 5: Solid Density Properties of

samples - NAKI18 project [23] to the two sandstones. As the amount of salt uptake

depends significantly on the porosity of the stone, these

Solid density . _ .
Stone Type [kg/m3] differences are likely to influence the level of damage.
Bozanov Sandstone 2637 The relative difference in the percentage of open
Msené Sandstone 2897 porosity is also reflected in the differences in bulk
Opuka 2672 density of the three stones.

Pore Size Distribution

The NAKI18 project conducted by ITAM investigated the pore structure of several stones types using
the Mercury Intrusion Porosity (MIP) method [25]. From this study, the characteristic pore size

distribution (PSD) curves for Bozanov, MSeno, and Opuka was determined and is shown in Graph 1.
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Graph 1: Pore size distribution for Bozanov, MSeno, and Opuka stone (adapted from [25])

The PSD curves (Graph 1) show that all the stone types have a monomodal distribution. The porous
structure of the two sandstones (Bozanov and MSeno) is mainly characterized by capillary active pores
(Fig. 4). Opuka stone shows a main PSD maxima at ca. 0.2um, but a portion of the pore volume is in
the range from 10 to 100nm, which can have an important effect in salt deterioration processes.
Although the sandstones have similar PSD in comparison to Opuka, BoZanov’s pore volume maxima is
approximately twice the diameter of MSene’s. According to the IUPAC classification of pore sizes [33],
all stones have macroporous structures as their pore diameters are higher than 50nm. Some authors
[34] [35] have criticized the IUPAC classification and given alternative pore size classifications. With
respect to the stones under study in this work, the macropore classification does little to indicate the
difference in physical behaviour that will likely be seen in particular between Opuka and the two
sandstones as their pore size differ by two orders of magnitude. Mays [35] suggests nomenclature more
in line with the SI terminology that would classify Opuka as sub-microporous and BozZzanov and MSeno
as sub-microporous. Although this system may provide more detailed division and classification of pores
based on their size, it's subdivisions give no indication to the differences in physical behaviour, with

respect to absorption or evaporation kinetics like those provided previously in Figure 4.

As capillary action and water movement within the stones is largely dependent on their pore size
distribution, the difference in size and quantity of pores between the three types of stones will cause
distinct behaviours in absorption, drying, water movement, and of course, salt transport [17]. These

different behaviors are discussed in more detail in following sections.
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4.1.3 Capillarity Absorption Test 5.0
Graph 2 to Graph 4 show the water absorption by 1o ——v——vv
capillarity curves for each stone. The water T
absorption by capillary coefficient was calculated E 3.0

c
according to EN1925, and the average value for the % y
three types of stones was determined. This data, g 20 f
along with the results of the NAKI18 project [25] are .E o
presented in Table 7. =
The graphs clearly show that M8ene has the fastest o0 0 0s 1 15 5 )5 3
absorption rate, while Opuka’s absorption rate is Time (h*/%)
—e—BO01 BO2 BO3

significantly slower than either of the other stones.
. . . Graph 2: Capillary absorption - Bozanov stone
MSene samples reached the capillary moisture
content, i.e. amount of water absorbed by the
sample sufficient to wet the upper surface by
capillary rise from the bottom, within one minute of 100 .I

starting the test. The calculated capillary absorption

coefficients (Table 7) support these observations;

o
=}

MsSene has an average coefficient of 58.3+2.3 kg/m?

»
<)

h*, while Opuka has the lowest coefficient (ca. 2.2

Water Absorption (kg/m?)

kg/m? h%). However, from the graphs it is seen that

™
=)

MSene and Opuka have a similar maximum oo

absorption capacity within 9.8-10.4 kg/m? and 10.5- 0 05 1 15 2 25 3

Time (h1/2

10.8 kg/m?, respectively. Bozanov is the odd one me (")
—e— MS1 MS2 MS3

out in this respect, leveling off with a maximum

absorption capacity between 4.29-4.54 kg/m?2. Graph 3: Capillary absorption - Msene stone

The spread between the three samples of Opuka

overall is very small, which can visually be seen in o R RS

Graph 4 and is confirmed by having a very small T 100 )

standard deviation (SD). For the three samples of E 8.0 /

BoZanov there is a notable variance in the time it g 60 :”

took for each specimen to reach complete saturation g :

therefore it's absorption coefficient has the largest g 0 »\/

standard deviation at +3.12 = 20 //

kg/m2h*, However, once fully saturated the spread 0.0
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Graph 4: Capillary absorption - Opuka stone
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Table 6: Capillary absorption coefficients of
Bozanov (BO), MSene (MS) and Opuka (OP) stones

Experimental Data NAKI118*
Sample | Individual | Avg. | SD | [23]
BO-1 1.85

BO-2 2.89 4,15 | 3.12 | 10.54 £ 2.01 o, - >
BO-3 7.70 S '

MS-1 60.75 = /

MS-2 56.34 58.26 | 2.26 | 54.82 £ 8.42 v . ,
MS3 | 57.68 S /]
OP-1 2.23 Figure 14: Aspect of Bozanov stone during
OP-2 2.19 2.20 | 0.03 | 1.60+0.03
OP-3 2.17

*CSN EN 1925: (2/2000) standard was used to determine the
coefficients

the capillary test revealing the

heterogeneity of the stone as seen from
the tortuosity of the wet front.

samples, the difference in the absorption coefficients is noticeable, but the difference in the maximum
absorption capacities is more significant. These results suggest MSene and Bozanov are more

heterogeneous than Opuka stone.

4.1.4 Drying at 50% RH
Graph 5 to Graph 7 depict the drying behaviour of the three stone types at 50% RH and at room

temperature. MSeno stone has the fasted drying rate, requiring approximately 8 days to reach a residual
humidity of ca. 12.6%. Bozanov takes almost twice of the time to dry, but reaches a much lower moisture
content of ca. 2.9% after more than 16 days of drying. Finally, Opuka stone takes the longest period to
dry requiring over 29 days to reach an average residual moisture content of 9.6%, placing it between

the two types of sandstone in terms of moisture retention.

The results of this test are important as they more realistically show the drying process for masonry in-
situ. Under the environmental conditions set in this experiment, MSene, the stone with the fastest drying
rate, can take over 4 days to lose a sufficient amount (ca. 80%) of its initial moisture content, which is

considered a threshold to constrain capillary movement of water (and salt).

4.1.5 Drying at 50% RH with salt contaminated samples
To study the effect of salt on the drying behaviour of the stones, the drying test was conducted in the
same specimens but after saturation with 14 w.t. % Na2S04-10H20 instead of distilled water. The drying

curves are presented in Graph 8 - Graph 10.

As expected from the hygroscopic properties of sodium sulphate, the drying rate was reduced in most
of the samples. Throughout the drying test the development of salt efflorescences was observed on all

of the samples. In Bozanov, the effloresce formed was characterized by a powdery layer covering the
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Graph 5: Bozanov drying curve (water)
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Graph 6: MSene drying curve (water)
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Graph 7: Opuka drying curve (water)
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entire surface. In MSene, a salt crust of ca. 5mm
thickness formed. In the case of Opuka, two
distinct types of crystal habits developed. On
sample OP1 it took several days before any salt
was  macroscopically  visible and the
efflorescence ultimately formed had the aspect
of a thin powdery crust. In stark contrast,
samples OP2 and OP3 developed copious fluffy
whisker-like salt efflorescences with ca. 10mm in

height within the first 24 hours.

Graph 8 shows that the drying time for Bozanov
to reach its residual moisture content increased
by more then 8 days when impregnated with salt.
More significantly, is the more than double
increment of the drying time for MSene (Graph
9), taking approximately another 13 days to
reach its residual moisture content. Further at
11.6%, the residual moisture content for
BozZzanov has increased compared to water
drying. In comparison MSene’s residual moisture

content decreased to 6.7% when slat laden.

The results for Opuka (Graph 10) were a bit more
varied as two of the samples (OP2 and OP3)
were added to the drying test box at a later date.
An unexpected increase in the RH of the testing
box up to 60% was reached before the conditions
were corrected. Possibly due to this RH
variation, specimens OP2 and OP3 showed a
different drying behaviour in respect to OP1. The
increment in RH is also the most probable cause
of different types of salt efflorescences
developed, as previously described. The drying
rate of OP 2 and 3 was faster when salt laden.
The fluffy needle like efflorescence increases the
specific area available for evaporation, which
caused the rapid drying in OP 2 and 3 [36].

However, for sample OP 1, the drying speed was
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Graph 8: Bozanov drying curve (salt laden)
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Graph 9 : Opuka drying curve (salt laden)
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approximately the same suggesting the
influence of salt within Opuka has less of a
negative effect on drying compared to the
other stone types.

4.1.1Drying Speed

The drying speed of Bozanov and Mseno
was tested to ensure that the selected time
for drying at lower temperature in the new
aging test would be sufficient to eliminate
most of the water introduced (>80%). As
Opuka was added to the experiment after
the procedure had been set, it's drying
speed was not analyzed in the same
manner. The specimens were wetted for 2h

by immersion in water.

After the initial two hours of drying at 60°C
both stone types had already lost at least
80% of the water introduced. At 40 °C the
Bozanov stones had lost more than 60% of
the water content, but the M3eno ranged
from 50-69%. The next day all the stones
were considered dry, as their water loss
ranged from 97-100%.

This quick test also allowed estimating how
much salt solution each type of stone would
absorb during the 2h-wetting phase of the
ageing tests. On average, the BoZanov
stones absorbed 4.36% water while MSeno
absorbed 10.44%.
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4.2  Accelerated Salt Crystallization Aging Test

4.2.1 General Observations

Throughout the aging cycles visual observations were made to track the changes in the degradation of
the visual appearance of the specimens. A summary of the changes, trends, and anomalies observed

over the 12 salt crystallization cycles follows.
BozZanov

In general, Bozanov showed little alterations to its initial visual aspect. A comparison of the stones from
their sound state and after 12 wet/dry cycles is presented in Figure 16, which demonstrates that the
overall size, shape, and colour was not significantly affected. Some erosion and rounding of the edges
was noticed, however the most notable visual change was on specimens subjected to Test Procedures
3 and 5 in which the contamination was achieved through partial immersion. On these specimens, a film
of white salt efflorescences was observed after drying. During the wetting phase, this ‘film’ of salt was
observed as well. It was first noticed not by visual observation, but by touch; the texture of the surfaces
felt ‘slimy’ when they were removed from the immersion dish. As more cycles were performed, the ‘slimy’
layer continued to build up until it was visible in both wet and dry states. This layer likely formed on the
sides where the evaporation flux was strongest during the wetting phase. Comparing the samples from
procedures 3 and 5, this crust was more significant on the specimens used in Test Procedure 3, in which
14% sodium sulfate solution was used. For both reference specimens, no visual alterations were
observed.

Before Aging

After Aging
Figure 15: Comparison of Bozanov before and after salt aging cycles
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Congruent with the insignificant change in the visual appearance of the samples, little to no loss of
material was observed neither in the wet nor drying phase of each cycle. Small amounts of white fine
sized particles (in the order of micrometers), were observed in the bottom of the immersion containers
after some cycles. Large quantities of efflorescence were never observed after (or during) the drying
stage. Most of the efflorescence formed was noticed within the first few cycles, when some small crystals
were observed attached to the surface. As efflorescence crystallizes outside the specimen it does not

contribute to induce damage.
MsSene

Of the three types of stone, the visual aspect of MSene samples changed the most over the course of
the salt aging cycles. In general, sand disintegration or sugaring was the main degradation pattern
responsible for loss of material during ageing leading to the recession of the surfaces and to the rounding
of the specimens’ edges (Figure 17). MSene samples also lost some material during handling. The
samples that were subjected to salt contamination by immersion (i.e. Test Procedures 1, 2, and 4)
showed the highest level of erosion of the edges. Samples contaminated with the highest salt solution
concentration (i.e. Test Procedures 1 and 4) exhibited more severe deterioration. In general, a significant
amount of material was lost during the wetting phase after the first ageing cycles. Between the two sets
of specimens immersed in a 14 wt.% solution, those in Test Procedure 4, which were dried at a lower
temperature, appeared to be slightly more damaged than those dried at high temperature. This aspect
could be assigned to the fact that drying at a lower temperature facilitates the migration of salt towards

the surface, thus increasing the level of damage within the superficial layers of the material.

Before Aging

After Aging

Figure 16: Comparison of MSene before and after salt aging cycles
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The specimens wetted through partial immersion also displayed material loss, although it was more
concentrated on the bottom of the cube (i.e. where the evaporation flux was probably stronger during
the wetting phase). Interestingly, this is in direct opposition to the results from Angeli, et al. [19] who
reported that damage was stronger on the corners immerged in the salt solution. For samples subjected
to Test Procedure 3, sandy particles of the stone were often dislodged from the evaporation surfaces
during the wetting phase resulting in an uneven damage pattern (see Figure 18). Test Procedure 5 also
induced this deterioration gradient increasing towards the evaporation face during wetting. However,
the mass loss was lower. In the Test Procedures 3 and 5, material loss was more significant during the
cycles when the stones were re-wetted with salt and sometimes the first following cycle with water
rewetting. Similarly, to the observations done
for the Bozanov stone, no visual deterioration
was detected in the Ms3ene reference

samples.

The samples from all of the test procedures

did not show any sings of efflorescences

through out the aging cycles. Figure 17: MSene Test 3 (partial immersion) -

heterogeneous deterioration

Opuka

Opuka exhibited a different pattern of visual alteration in respect to Bozanov and MSene sandstones. In
all the testing procedures, the material losses were more important than those observed in Bozanov,
but the shape/visual aspect of the stones was not altered to the same degree as in MSene. One
significant difference observed after the first cycle was a slight colour change (darkening effect), which
affected the whole surfaces in the samples used in Tests 1, 2 and 4 (complete immersion) and part of
the side faces of the samples used in Tests 3 and 5 (partial immersion), i.e. up to which the salt solution
front was registered, as shown in Figure 19. Opuka was the only stone type in which the salt solution
(during the 2h-contamination phase) did not reach the top of the specimen from capillary rise from the
bottom.

Figure 18: Colour change after
one cycle with all test
procedures in Opuka stone.
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Being a much finer grained stone than the other two stone types, Opuka exhibited material loss as a
fine powder. During the wetting phase, the release of material was not always observed until the
samples were removed from the wetting container/dish. During such operations, a layer of very small
particles would dislodge from the samples surface often making the contamination solution murky. The
samples used in Tests Procedures 3 and 5 (partial immersion) didn’t lose as much material as in the
tests performed by total immersed. In these tests, a dusty layer developed on the evaporation faces of
the stones up to the height reached by the salt solution front. In the samples contaminated via partial
immersion lines of varying colour/shade resembling Liesegang patterns developed up to the height
reached by the salt solution. The most s —
significant material loss observed in Opuka 3
occurred during the fourth cycle on sample 6
(Test Procedure 1). Figure 20, shows the large
scale of stone which detached from the sample.

This type of deterioration was only observed in

one specimen and was assigned to a pre-
Figure 19: Opuka Test 1 Sample 6 - significant

existing crack that could be observed prior to .
mass loss in cycle 4

starting the aging cycles.

4.2.2 Mass Evolution and Material Loss

As the contamination cycles progressed mass loss began to be easily noticeable in the MSene samples,
and to a lesser degree in Opuka and Bozanov. Losses largely occurred during the wetting cycle,
although the observation of mass loss was also seen during the drying stage, however it was often
partially a result of handling. Even when handled carefully, sandy particles from the MSene stones would
often detaches even if touched lightly. Opuka samples would often have a light layer of dusty particles
that would also come off when handled. As previously mentioned in the Methodology section, any large
losses of material while handling the samples between the experimental stages was collected and
weighted. However, within in each cycle the mass losses from general handling where very minute and

therefore neglected.

From the recorded dry weights and the measured mass losses, trends in mass change of the three
different types of stone and due to the five different testing procedures can be seen. For each of the
tests, the average normalized mass variation and respective standard deviation (SD) is presented in

Figure 20. In [4] three stages of the evolution of mass were defined as follows:

e Stage 1 — weight increase due to salt uptake.
e Stage 2 — positive or negative weight variation depending on competition between mass
loss and salt uptake; begins after first visual damage (this stage may be non-existent).

e Stage 3 —weight decrease; salt uptake becomes negligible compared to stone damage.

In general, Bozanov samples did not exhibit significant, if any negative, mass variation indicating their
deterioration had not progressed beyond Stage 1. Furthermore, the standard deviation for the three
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Figure 20: Normalized average mass variation for each type of test procedure (one SD shown)
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stones in each test was very low. MSene samples showed a short period of mass increase (Stage 1)
followed by relatively quick mass loss causing the mass evolution to move directly into Stage 3. In the
test procedures where the mass evolution began to decrease rapidly once entering Stage 3, the
standard deviations became more significant. Opuka’s behaviour was similar to Bozanov’s, although
some tests induced enough damage in Opuka for the mass variation to reach Stage 2. Additionally, the
standard deviation for Opuka reflects the heterogeneity of the stone as their rate of deterioration

expressed by mass variation was more distinct between specimens used in the same test procedure.

Figure 21 presents the data of the collected and weighted material lost from each sample at 4 cycle
intervals to distinguish the increase in a sample’s mass due to salt uptake and decrease due to mass
loss. The accuracy of the material loss values is obviously compromised by the small amounts of
material lost during handling, which were not collected. From Figure 21, it is quickly observed that overall
the most mass loss occurs in cycles 5-8 for all tests and stones types. This is believed to be partially
due to the increased vulnerability of corners and edges to salt crystallization. These areas are subjected
to evaporation from more than one side, increasing the salt concentration in these areas during drying.

Therefore, supersaturation during wetting will be reached quickly (cycles 4-8), inducing damage. As the

edges of the stones are rounded out, a more uniform salt gradient during drying will be formed, causing

less supersaturation and in turn less damage (cycles 9-12).

When comparing the mass loss results of the different test procedures in each stone (Figure 20) it can
be seen that the results of Tests 1 and 4, performed at high and low drying temperature, respectively,
are very similar. Regarding MSene samples, the decrease in mass variation (Figure 20) is slightly higher
in Test 4 than in comparison with Test 1, which is in line with the percentage of mass loss (Figure 21)
and with the visual observations described previously. However, the standard deviation is also higher in
Test 4. The lower temperature provides a slower drying rate by enabling capillary transport during drying
for a longer time. As the kinetics of evaporative drying draws the salt towards the surface of evaporation,
higher accumulation of salt can develop in the outer layer of the stone. Hence, in the following wetting
phase, the conditions for reaching supersaturation (and damage) are favoured in this layer. At the high
drying temperature employed in Test 1 (EN 12370), the critical moisture content limiting capillary
transport is reached more rapidly, thus preventing salt supply to the surface. Using a lower drying
temperature seems to increase the deterioration at the surface, which is the common situation in natural
exposure conditions. However, given the high standard deviation in Test 4 and the relatively small
difference in mass change between the two tests, further tests (and with a higher number of specimens)
are required to confirm the effectiveness in obtaining surface damage by drying at a lower temperature.
Although Test Procedure 5 was also dried at the lower temperature, it is difficult to draw any conclusions
from its mass loss data infer about the effect of drying at a lower temperature. Test 3 is the most
comparable procedure to Test 5 regarding the contamination procedure, i.e. wetting by partial immersion
and re-wetting with water. However, a higher drying temperature and a greater concentration of salt

solution were used in Test Procedure 3. Due the very minimal deterioration seen in all the samples
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subjected to Test 5 after 12 cycles, and the lack of definite discrepancy due to the change in drying
temperature between Test 1 and 4, it is believed that the impact of the change in salt concentration

overshadows the effect of the drying temperature.
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Regarding the effect of the salt solution concentration on the mass variation, the impact is clear when
comparing the results of Tests 1 and 2, and Tests 3, 4 and 5. There is a remarkable difference in the
evolution and overall mass change seen in the graphs of Figure 20. The average mass deviation of

MsSene samples in Test Procedure 1 decreased down to -5.4% in Cycle 12, whereas in Test 2, the net
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decrease didn’t even reach an average of -0.6%. Furthermore, the mass loss data shown in Figure 21
confirm that a higher percentage of material was lost in M3ene and Opuka stones in Tests 1 and 2.
Additionally, the average mass deviation for Opuka in Test Procedure 1 had begun to decrease more
by the end of the 12 cycles, indicating that the samples were likely starting to begin Stage 3. However,
in Test 2 the trend had leveled down to ca. 2% indicating that the samples were still in the second stage
of deterioration where salt uptake and mass loss are at odds. As discussed in the State-of-the-Art
section, the most important factor inducing damage with sodium sulfate is achieving supersaturation
during the wetting phase [3]. For samples contaminated with 14wt.% versus 7wt% salt solution
concentration, there is twice as much salt available when using 14 wt.% resulting in a more rapid pore
filling. In Tests 1 and 4 (using 14 wt.% solution, the maximum weight increment occurs up to Cycle 3,
after which the decrease in mass would indicates that the porous network has been filled with salt up to

a threshold value allowing for supersaturation to occur in the pores during the following wetting phases.

In respect to Test 2, the maximum mass increment is lower and is reached one cycle later (Cycle 4).
This combined with the much slower rate of mass decrease afterwards suggests less crystallization
pressure is being induced. Regarding Test Procedures 3 and 5, where concentrations of 14wt.% and
7wt.% solution were used respectively, the mass evolutions for Bozanov and Opuka are not significantly
different, but a clear increment in damage can be seen for MSene in Test Procedure 3. Mass loss in
Figure 21 shows that more damage is caused in Test 3, as cumulatively no samples subjected to Test
5 lost even 1% of its initial mass. In previous studies [37] [1], several authors reported that increasing

the sodium sulfate solution concentration lead to higher damage at a faster rate.

Considering the amount of lost mass collected from samples in Tests 1 and 2, most specimens appear
to have lost more material during Cycles 5-8 versus Cycles 9-12. With respect to MSene samples that
showed the highest level of deterioration, as mentioned before it can be argued that after the more
vulnerable edges and corners of the samples were rounded off, less material was subsequently lost
because salt had to accumulate in the stone body to produce enough crystallization pressure to damage
the less vulnerable mass of the samples. In Opuka, the edges were not as much affected, so the
geometric vulnerability could not explain why less material was lost in cycles 9-12 then in 5-8, particularly
in the Tests 2 and 3. Two possible explanations for this behaviour are experimental error (not enough
cooling time after drying to return the samples to room temperature before wetting again), or possibly
too much handling during cycles 5-9, causing more material to be dislodged. Further cycles could help
clarify these trends. Compared to other studies that carried out up to 15-60 cycles [12] [38] and the lack
of complete disintegration of any of the specimens in this research it is felt additional cycles are required
to better understand how sodium sulfate crystallization would continue to affect the deterioration patterns

of the stones.

Finally, the difference between Tests using partial immersion and re-wetting with water, compared with
complete immersion and re-wetting with salt solution are considered. As discussed in the Visual

Observation section, from the beginning, differences in damage locations for the three stone types can
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be distinguished between partial and complete immersion samples. Looking at the graphs of mass
variation (Figure 20) and mass loss (Figure 21), the deterioration in BoZanov is very small showing no
distinctive differences between Test procedures. Significant differences can be seen in the behaviour of

Opuka and MSene, which have very different capillary absorption coefficients (See section 4.1.3).

Opuka has a low capillary absorption coefficient, which is reflected in the fact that in Tests 3 and 5
(partial immersion), the salt solution (and water) during the wetting phase, never reached the top of the
specimens. Less salt solution absorption combined with re-wetting with water explains why the mass
increase in Test 3 is much lower than in Tests 1 and 4, where complete immersion was used during the
wetting phase and more salt was supplied in each cycle. The notable reduction of salt content in samples
used in Test 3 is also evident in comparison with the mass evolution in Tests 1 and 4 for Opuka appear
to be starting to decrease, shifting into the third stage of deterioration where mas loss dominated over
salt uptake. However, the mass variance in Test 3 is relatively constant while the mass is lower, thus

indicating that a critical content of sodium sulfate enough to induce damage has not been reached.

In contrast to Opuka, M3ene has a high capillary coefficient, so when the wetting phase was performed
by partial immersion the capillary moisture content (i.e. the amount of water or salt solution absorbed by
the sample sufficient to wet the upper surface by capillary rise from the bottom) was reached within only
one minute. This behaviour explains why in the first cycle of Test 3, in which the specimens are wetted
with the 14wt.% salt solution, they absorbed a similar amount of salt as those subjected to immersion in
Tests 1 and 4 (Figure 20). In the following cycles, where re-wetting is done with water, the mass
decreases, possibly due to the fact that some salt is washed out from the sample upon contact with
water in the immersion dish. However, as it is evident form the mass loss values of MSene samples in
Test 3 and the overall negative trend in mass variation towards the end of the cyclic testing, the
contamination with saltin Cycles 1, 5, and 9 did introduce a sufficient quantity of sodium sulfate to induce
material loss. However, specimens in Tests 1 and 4, in which salt solution was used in every wetting

phase, the overall mass loss was higher (Figure 21).

Comparing Test 2 (total immersion) with Test 5 (partial immersion), in which a 7wt.% solution was used,
similar trends in mass variation as described for MSene were registered, but to the variation was less
significant, probably because a lower salt solution concentration was employed. Furthermore, the

degree of damage expressed as mass loss is also lower in these procedures.

In summary, the salt solution concentration seems to have had the most significant impact on the
degradation degree of the stones. The evolution of mass for Tests 1, 3, and 4, in which a 14wt.% salt
solution was used, demonstrate the most negative variation. Generally, the highest percentage of lost
mass was collected form these three tests. The influence of changing the drying temperature may have
an influence on the degree of deterioration, however more tests and samples are required to make
sound conclusions. The impact of contaminating samples via complete or partial immersion appears to

depend more on the absorption properties of the materials than on the procedure its self. Contaminating
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the samples with salt solution every few cycles and re-wetting with water in-between reduces the
deterioration process.

4.2.3 Ultrasonic Pulse Velocity (UPV)

In their sound state prior to commencing the salt aging cycles, Opuka exhibited the fastest velocity
followed by Bozanov and then MSene (Table 8). Over the course of the aging cycles the decrease in
velocity is in general the greatest for Opuka, then Bozanov and MSene again. However, despite the
greater decrease in velocity of Opuka and Bozanov samples, the relative order of fastest to slowest
velocity doesn’t change at the intervals of 4, 8, 12, and post desalination when the ultrasonic velocity

was tested.

Table 7: UPV average from five In Graph 11 to Graph 13 the UPV is presented for each stone
readings per stone in sound state type and test procedure. For relative comparison, the velocities
were normalized with respect to their velocities in the

undamaged state. The broad trend seen is a significant

Fioddiie 0 | WE |0 decrease in velocity after 4 cycles, followed by a small or
Test 1 2711180339 possibly no significant change between cycles 4 and 8. After 12
Test 2 2.94 | 2.08 | 3.42 . L . . o

cycles, there is a definite increase in the velocity, bringing many
Test 3 2.97 | 2.05 | 3.46 . L

of the stone layers to a velocity greater than even their original
Test4 3.04 | 1.77 | 3.64 reading in the sound state. This occurred more for MSene and
Test 5 2.87 | 1.93 | 3.40

Bozanov samples, while the velocity of Opuka samples mostly
increased to approximately their sound velocities or a little slower. Finally, after desalination (‘washed’),
most samples demonstrated a drop-in velocity again.

As previously discussed, the value of UPV is affected by physical and mechanical properties, most
notable for this discussion are aspects such as porosity, pore size, and microcracks [5] [22]. The initial
decrease in velocity seen across all the tests and samples could be from the start of damage and
alteration to the porous network due to salt crystallization. The subsequent small increase or plateau
between cycles 4 and 8 might be from the detrimental effect of damage from the salt crystallization
competing with the positive effect of pores filling with salt. The authors Rossi-Manaresi and Tucci posit
that salt can have a cementing or consolidating effect if the crystallization pressure is still below the
materials mechanical strength and this can cause the UPV to increase [39]. Additionally, decay at this
stage in the aging process was loss of mass from the edges, and faces of the samples, especially for
Ms3ene. Perhaps, these vulnerable surfaces were suffering the damaging effect of the salt crystallization
cycles. However, the overall porous network of the stones was not being further altered (i.e. increase in
pore size, or development of microcrack). As salt continues to fill in the pores of the stones, this
cementing behaviour has an increasing effect, to the point where the UPV measurement after 12 cycles
is much closer to the sound state velocity. After desalination, the salt and its positive consolidating effect

are removed so the ultrasonic velocities decrease again.
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On first glance, this general process seems plausible, however on further comparison between the
results seen in the different test procedures and between the three stone types, there remain a number
of inconsistencies. Further, the patterns of deterioration, and the relative decay noted in the two
preceding sections (4.2.1 General Observations and 4.2.2 Mass Variance and Material Loss) with
respect to the variations in the testing procedures and the characteristic of the stone are not reflected in
the UPV data.

MSene exhibited the highest mass loss, however the samples have the smallest variations in UPV. In
general test procedures that used 14wt.% solution (Tests 1, 3, and 4), and those that employed complete
immersion with salt solution re-wetting (Tests 1, 2, and 4) showed more damage. However, from Graph
11 one can see that the samples of BoZzanov show close decreases in velocity after 4, and 8 cycles,
however sample BO-14 subjected to Test 3 demonstrated the greatest decrease while sample BO-8
(Test 1) shows the lowest change in UPV. This same phenomenon is seen within the samples of MSene
(Graph 12) and is even more pronounced with the sample from Test 3 (MS14) showing -0.1 to -0.3
mm/us more decrease in velocity the sample from Test 1 (MS8). For Opuka, sample OP16 from test 4
has the greatest velocity decrease, yet Test 4 used 7wt.% solution. Even within the different layers of
each sample so striking patterns are seen. Some consistency in the relative ranking of velocity between
the layers is seen at each stage (i.e. after 4 cycles, 8 cycles, etc.). However, one might expect to see a
pattern in the samples contaminated via partial immersion (Tests 3 and 5) compared to the tests with
complete immersion (Tests 1, 2, and 4), yet after 4, 8, and 12 cycles, there are still no clear pattern.
Possibly the natural heterogeneities of the stones are outweighing the impact of the salt distribution and
internal damage within the stones. Alternatively, perhaps there were errors in the testing procedure that

resulted in the discrepancies seen in the data.

As discussed previously, ultrasonic velocity can be affected by a number of factors (e.g. porosity,
density, weathering, moisture content [22]). As referenced in Ahmad et al. literature review on ultrasonic
testing [22], “Durrast et al. showed that the decrease in ultrasonic pulse velocity due to deterioration
cannot be accurately explained based only on porosity increase but changes in stone fabric also have
to be taken into account”. It is possible that there are trend and important observation within the data,
but are being obscured by too many changing factors within the testing procedures and the small
difference in each sample physical properties. Furthermore, the deterioration of the faces of the
specimens would also cause a reduction in the UPV path which was not accounted for, and an increase

in the unevenness of the contact surface for the equipment which may have also introduced error.

4.2.4 Salt Distribution

The concentration and distribution of sodium sulfate throughout the stones was analysed to better
understand the impact of the changed parameters on salt crystallization. Due to limited time, and as
mentioned in the Methodology section, only a selection of the aged stones was tested. Stones of all
three types were analysed for Test Procedures 1, 4, and 5. These procedures were selected as 1 & 5

encompass all the differences in parameters explored. Additionally, 4 follows EN12370 with the
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exception of the drying temperatures. Bases on the conductivity curve that was developed (Appendix
A), an approximate concentration of salt within each layer of the stone was calculated and is shown in
Graph 14.

H BoZzanov H Msene H Opuka
6.0%

5.0%
4.0%
3.0%

2.0%
. A | LI LI, 1Ll
0.0% - 1.1

L2 L3 14 L5 6 L7 L1 12 13 14 L5 L6 L7 L1 L2 L3 14 L5 L6 L7

Salt Content (%wt)

-1.0%
S1 sS4 S5

Specimen & Layer

Graph 14: Salt distribution comparison between three of the test procedures (L1-L7 denote the ‘layer’ the
sample was extracted from, starting from the top of the specimen)

From analysis of the findings it can quickly be seen that the relative salt content for the samples from
test 5 contain significantly less salt then their counterparts subjected to the other tests. However, given
that 7wt% solution and rewetting with water is prescribed in this procedure this observation was

expected.

It's interesting that across all three test procedures, Opuka on average shows a higher percentage of
salt than Bozanov and M3ene. This stands out as Opuka didn’t show any intense signs of deterioration,
nor were large concentrations of salt observed with SEM (discussed in section 4.2.5). The minerals and
compounds that constitute the fabric of the stones can itself contribute ions, and therefore increase the
conductivity of the solution. When small samples of the water aged specimens were also ground and
mixed with water, it was found that Opuka stone increased the conductivity of the distilled water the
most. Attempts were made to remove the influence of the stones conductivity, so the data presented in
Graph 14 should only reflect only the salt content. Nevertheless, this observation is an outlier in the

context of observations from other analysis techniques.

However, lets also consider the apparent salt content in the three specimens of M3ene. In contrast to
Opuka, MSene has the lowest salt content in general of the three stone types. Further, MSene was
observed to have the highest mass loss, and salt surface crusts were observed with SEM on almost all
samples. The significantly higher salt content in layers 1 and 7 for Tests 1 and 4, are congruent with the
idea of a salt accumulation close to the surface. However, the salt distribution findings still show that the
stone with the least salt content (MSene) experienced the most damage. If it is considered that the drying
dynamics in M3ene deposit a large portion of the salt near the outer layer, then supersaturation would

be easily achieved, inducing damage in the following wetting phase. Since most of the salt in MSene is
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transported to the surface during drying, and then subsequently dislodged during the next wetting phase,
the lower concentration of MSene is reasonable. Compared to Bozanov and Opuka, MSene has a lower
mechanical strength, thus less crystallization pressure is required to inflict damage. Consequently, a
higher accumulation of salt within the pores of Bozanov and Opuka can occur, despite less damage
observed compared to MSene. These observations of greater salt content and less damage in Opuka
versus MSene suggests that the high mechanical strength of Opuka overcomes its susceptibility due to
a small PSD.

Considering the salt distribution for the three Bozanov specimens, the salt content in L1 (the top ca.5mm
of the stone) is markedly higher than the other layer. The fact that the values for this exterior layer are
higher than the interior layers is not unusual, because as discussed previously, the dynamics of the
drying process would cause more salts to move towards the exterior faces. What is odd, is the fact that
in L7, the bottom slice of the stone and therefore also the external face, does not show a similar content.

In the MS8ene and Opuka samples this behaviour of having more salt content in both outer layers is seen.

Bozanov has the largest pores, and was the only specimen to develop visible efflorescence in the pores
on the surface. Since the specimens were always placed with L7 downward, it’'s possible that these salt
crystals in the surface pores of Bozanov were dislodged during handling. This is one possible
explanation for why the top layer of the Bozanov samples rom Test 1 and 4 had a higher salt content
then the bottom.

With respect to differences in the salt distribution seen between the test procedure that can be attributed
to the changes experimental factor, definitive conclusions are hard to draw. When looking at the salt
content of Opuka in Test 1 versus 4, in general there seems to be more salt in Test 1, suggesting the
drying temperature affects the salt distribution. However, the same trend in not observed in MSene and
Bozanov. The remarkably low salt content in almost all the samples from Test 5, indicate that the lower

salt content, and rewetting with water prevents the accumulation of sodium sulfate in the stones.

4.2.5 Microstructural Analysis with SEM — EDS

Reference Procedure -Sample 5

In the general observations, it was noted that no decay was seen in the reference samples (i.e.: water
aged) for any of the stone types. Nevertheless, samples of each were observed with SEM and a sample
of the findings are presented in Figure 22. As was expected no sign of alteration were observed. Due to
the lack of decay these samples give a baseline idea of what each of the stone types look like in the
sound state. The texture of the two sandstones is significantly courser than Opuka as can be seen by
comparing the SEM images of MSene and Opuka in Figure 22. Both images are at the same
magnification. Reflecting the petrographic and physical characteristic described for each stone in section
4.1.1, Opuka exhibits a fined grain matrix. Bozanov and MSene structure looks like conglomerates of

sand particle aggregate. Figure 22 depicts the structure of Bozanov’s binder.
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Figure 22: SEM investigation of reference (water aged) samples
Bozanov binder (left), MSene (center), Opuka (right)

Test Procedure 1 — Sample 6

Test procedure 1 which followed the EN12370 standard, used both the 14wt.% sodium sulfate solution
and contamination via complete immersion in each cycle. Therefore, of all the samples, those in Test 1
are expected to have high salt content. Presented in Figure 24, MultiPoint area analysis of the samples
collected from Bozanov and MSene stone show increased amounts of sodium sulfate within their porous
network. In the sample BO6 the salt distribution is more uniform throughout, while MS6 the salt is
concentrated in the first millimetre close to the exposed surface. Although the salt crystals are more
difficult to distinguish without the aid of the elemental mapping for the Bozanov sample, the surface crust
on M3ene can be seen even in the overview image of the sample (Figure 24, middle row left image).
These two types of salt distribution suggest different behaviours during drying. As was show in the
capillary absorption test, both sandstones undoubtedly become fully wetted within the two-hour
immersion phase. Therefore, the difference in salt distribution in believed to be due to salt transport
mechanisms during drying. Since both samples were dried at the same temperature, the difference in
the structure of the porous network must account for the difference response to salt aging. MSene stone,
has smaller pores than Bozanov, but more importantly, it's porosity is notably larger; 29.7% compared
to 17.4% (see section4.1.2.). A higher absorption capacity of MSene in comparison to Bozanov leads to
a higher salt solution uptake. With more water in it's network, and a slower initial drying rate (Graph 8
versus Graph 9), MSene stone will take longer to dry, allowing more time for the mechanics of capillary
transport, driven by the evaporative drying at the specimen’s surface, to draw the sodium sulfate closer

to the surface to the edge of the stone.

In contrast to the large amount of salt seen in the two sandstones, salt was not readily found with area
mapping on the sample of Opuka. Additionally, all three points where elemental mapping was done
(location displayed in bottom left image of Figure 24) showed no accumulations of salt in pores. Opuka’s
porosity is between M3ene and Bozanov, however it's absorption coefficient is significantly lower
because the average pore size diameter is significantly lower. During the Capillary absorption test, even
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after 8 hours, the water front has not reached the top of the sample. The reduced salt solution uptake

could explain the lack of salt observed with SEM for Opuka, but in contrast the analysis of salt distribution

(section 4.2.4) found that Opuka had the most salt content. The most likely situation is that there is salt

in the pores of Opuka, but it was not detected by the elemental mapping. The surface of the SEM

samples was very uneven, which can cause areas of the specimen to be unobservable. Furthermore,

the size of Opuka’s pore, which is significantly smaller than the two sandstones, means that salt crystals

in the material would also be very small and spread throughout the material. Perhaps if the samplers

were viewed with a greater magnification, the salt crystals could be found.
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Figure 23: SEM Analysis of samples from Test 1
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Test Procedure 2 — Sample 9
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In Figure 25, the elemental mapping (HyperMaps) for the BoZzanov and MSene samples show the
development of a surface crust on both stones. This is the same salt distribution pattern as in Test 1 for
Ms3ene, however not for BoZanov. The SEM analysis conducted does not provide a quantitative measure
of the salt observed, therefore it is hard to say if the quantity of salt distributed through the BoZanov and
MSene samples is different than the results of the samples from Test 1 and 2. Nevertheless, the
accumulation of salt close to the surface for Bozanov in this test suggest the reduction in concentration
of the salt solution impacted the amount of salt close to the stone surface. The lower salt concentration

means a higher viscosity and therefore a higher capillary transport rate drawing salt to the surface
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resulting in the visible concentration of salt at the surface [40]. Unfortunately, the entire cross-section of
samples was not analysed to get a complete picture of the salt distribution. However, this type of analysis
could be informative, and can be compared with salt distribution assessment from other methods (e.g.

electrical; conductivity, or hygroscopic moisture content).

Also shown in Figure 25 are up-close images of salt crystals found in the pores of the two sandstones.
The crystals found in BO9 show an elongated sub-angular shape (needle-like appearance) in contrast
to the salt crust observed in MS9. It is hard to make any conclusions about the type of crystals that will
form due to the stone type or test condition though, as the salt shown on a pore of BO6 in Figure 24 (top

right image) has yet another distinct appearance to it.

Salt was also not found in the sample of Opuka from Test 2 (OP9). Once again, a MultiPoint analysis
was done and three different points on the sample were analysed with elemental mapping, however

same as the analysis of OP6 from Test 1, outcrops of salt crystals were not found.

Test Procedure 3 — Sample 12

Within the samples for Test 3, MSene showed definite accumulation of salt on the surface when analysed
with SEM-EDS. Similarly, to the observation from Test 1 and 2, a crust had developed on the surface,
however it appears to be less salt concentrated than in Test 1 and 2. In the middle row, right image of
Figure 25, even visually the salt crusts seems to cover less of the stone’s grains. However, the

HyperMap point analysis did confirm that it was pure sodium sulfate on top of the sandy patrticles.

Recalling from section 4.2.1 General Observations, the Bozanov and Opuka specimen did not show any
significant alterations due to mass loss. However, Bozanov developed a crust on the sides exposed to
evaporation and Opuka samples had white dusty particles on it's surfaces up to the height reached by
the wet front during the wetting phase. These surface deposits were believed to be salt, yet under the
scanning electron microscope, no salt was observed in with the MultiPoint or HyperMap elemental
mapping (see top row Figure 25). A few structures in the Bozanov sample, such as the one shown

Figure 25, were investigated, but EDS analysis showed them to be binder.

When the first sample of Opuka was analysed (OP12 evap.) no salt was seen. Due to the easily visible,
dusty white particles on Opuka at the height of the absorption water front, the presence of salt in this
portion of the specimen seemed likely. A second sample of Opuka, explicitly from this region with the
deposits, was analysed to determine if the surface deposit was salt. An elemental mapping point, shown
in Figure 25, found 5.3% Na20 and 15.2% SO3. If a second sample from the Bozanov samples was
also taken from an area with the surface crust, the presence of salt may have been identified with the

EDS elemental mapping.

As previously discussed, it is difficult to observe the salts in Opuka. However, from the observations of
BoZanov and M3ene, the fact that Test procedure 3 called for rewetting with water three out of four

cycles, it’s believed that some of the salt content was washed away in the re-wetting cycles.
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Figure 25: SEM Analysis of samples from Test 3

Test Procedure 4 — Samples 15

In all three of the stone types, a surface crust was observed for specimens subjected to Test 4 (Figure
26). For BoZanov, a distinct surface crust was not seen in Test 1 (Figure 24), however a notable amount
of salt in a very uniform distribution was noted. It's suggested that the lower drying temperature in Test
4 slowed down the drying process, allowing more time for the mechanics of capillary transport to draw
more salt to the surface of specimens of Bozanov in Test 4 versus Test 1.

A surface crust was seen on M3ene samples for Test 1-3, so it’'s observation in the sample from Test 4

was anticipated. The close-up analysis of the salt crust showed a layer of salt crystals (Hyper Map point
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2 & 3) covering particles of the stone (HyperMap point 1). Specifically, the 3 HyperMap point suggests
that at least portions of the sodium sulfate crystal are in a hydrated phase (hepta- or deca-hydrate) as
the salt crystal was sensitive to the electron beam of the SEM when elemental mapping was conducted
(black dot caused by beam). It’s difficult to say if the sodium sulfate was never completely dehydrated
during the final drying phase, or if thenardite crystals rehydrated due to exposure to ambient humidity

and temperature for the purpose of the SEM analysis.

Top Row: BozZanov (BO15) —
Left & Center, EDX area
analysis.

Middle Row: MSene (MS15) —
Left, overview image & three
HyperMap analysis points.
Center, EDX area analysis.
Right, HyperMap (surface crust)

Bottom Left: Opuka (MS15) —

Left, EDX area analysis (surface
: ; ¥ MLLTLMN crust). Center & Right,

BOR Sua HyperMap points

Image size:512 x 512
SEM HV: 15.00 kV/ WD: 17.80 mm MIRAW TESCAN Mag:22,40000000112x

HV:15,0kV
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1AM

SEM KV 15.00 kv : MIRAN TESCAN

10 pm
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Figure 26: SEM Analysis of samples from Test 4

Since no surface crust was observed in Test 1 and in general a lack of salt was seen in any of the Opuka

samples, the clear surface crust exhibited on this sample was somewhat unexpected (bottom row Figure
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26). Close up analysis of the area (center and right image) showed that points 5 and 7 are sodium
sulfate crystals on top of the fabric of the stone. Once again, this accumulation of salt near the surface
compared to the other Tests is attributed to the lower drying temperature, and therefore slower drying

speed allowing the salt solution to accumulate close to the surface.

Test Procedure 5 — Samples 18

Observations from the other analysis techniques have found little to no damage induced in the samples
used in test procedure 5. The results of the SEM-EDS hold true to this pattern, with no observation of
salt in the fabric of the Bozanov and Opuka samples. Some crystals of salt were found in the sample of
Ms3ene, however when the elemental area analysis was conducted, even MSene showed no signs of a
surface crust. The use of 7wt.%, partial immersion, and rewetting with water in Test 5 prevented pore
filling with sodium sulfate, supporting the lack of decay seen in these samples. More cycles would be

required to achieve damage form this testing procedure.

SEMHV. 1500k WD 1612mm iy i1 ] MIRAN TESCAN
Viewfield 2046 ym  Det BSE -
raw

50 p SEMHV 1500kV  WD:17.29 mm Lot o] MIRAWTESCAN SEM HV. 1500kV  WD: 16.74 mm
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View field: 1029 ym  Det: BSE 20 pm ' Viewfield 8433 m  Det: BSE 4
SEM MAG 237kx  Date(midiy): 06720/17 ITAMI SEMMAG 287k Date(midiy): 06720117 ITAMI

Top Left: BoZanov (BO18) —-HyperMap (binder)

Top Center & Right: MSene (MS18) — HyperMap (salt crystals
covering stone particles)

Bottom Left: Opuka (MS18) — HyperMap (no salt)

Figure 27: SEM Analysis of samples from Test 5
SEM HV: 15.00 kV WD 18.52 mm ! MIRAW TESCAN
Vigw field: 571 mm Det: BSE 1mm 8
SEM MAG: 107 x Date{midy): C6I08/17 IWAM"

Erasmus Mundus Programme

48 ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS



Aging tests to assess the durability of building materials to salt crystallization

5. DISCUSSION AND RECOMMENDATIONS

The objective of this thesis research was developed in line with the objectives of the RILEM Technical
Committee 271-ASC working to develop an ‘Accelerated laboratory test for the assessment of the
durability of materials with respect to salt crystallization’. The scope of this committee is significantly
broader and more in depth then the present research. However, the thesis objective was aimed at
considering the impact of modifying certain parameters of the existing EN12370 standard for the
determination of resistance to salt crystallization, in order to find a more effective and realistic use of
sodium sulfate for accelerated salt crystallization aging tests. Additionally, several different assessment
techniques (SEM-EDS, UPV, salt distribution, mass loss, mass variation and visual observations) were
used to investigate the effectiveness and reliability of each testing technique in determining the durability
of the material. Details of the data and observation from each assessment method have been discussed
in the preceding sections. Following is a synthesis of this information with the aim of discussing
properties of the stones that are related to their durability; comparison and discussion of the
effectiveness and representativeness of the different testing factors used; and, discussing which

techniques were most effective in assessing the damage.
5.1 Durability characteristics and prediction

In summary, MSene samples exhibited the most materials loss, followed by Opuka and BoZanov. Opuka
has the smallest pore size making it susceptible to salt decay, however from the greater deterioration of
MsSene it is evident that pore size can not be the only factor [5]. Other factors, such as open porosity and
mechanical strength, have an impact as it affects the quantity of water, and therefore salt, a material
can absorb. Furthermore, pore size will impact the capillary transport mechanisms within a material.
Therefore, although Opuka’s small pore size makes it more susceptible to damage from crystallization
pressure, the larger pore size of MSene and BoZanov mean the materials can become rapidly saturated
with water (or salt solution) and dry at a rapid rate. In real conditions, this allows for more wet/dry cycling

to occur leading to increased damage.

Within this research, the three stone types all had monomodal PSD. With the aim of developing a
standard test for many types of material, the influence of more heterogenous pore networks should also
be considered. Moreover, the combination of different materials with different PSDs is an important
aspect in the overall behaviour of the constructive element. As has been found in other research studies
[20] and confirmed in this work, the durability of a porous material does not depend on a single factor.
To make accurate predictions, the degree that each factor, such as pore size, open porosity, pore shape,
crack density, homogeneity of the pore network, and mechanical strength, has to be analysed in terms
of its individual importance and the overall importance of all the properties combined. Further, when
assessing the durability of materials already in use in heritage constructions, it is important to note that
past weathering can increase the porosity of a stone and modify the general fabric of a material, which
in turn affects its durability [5]. Differences in a stone fresh from a quarry and those that have
experienced years of weathering, possibly developed crusts and/or experienced chemical changes, can
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be significant [3]. Therefore, if durability results from a laboratory test on a new specimen are to be used
to inform decisions about an existing structure, the results must be calibrated to account for the existing
weathered condition of the in-situ material.

5.2 Testing Procedure

Consideration of the testing parameters such as salt solution concentration, partial or complete
immersion, rewetting with water, and drying temperature are important in making a testing procedure
that is effective and realistic. One aim of the RILEM committee includes defining aggressiveness classes
to help manage the many interrelated variables of salt aging to help establish a quantifiable ranking of
durability, and ensure materials are being tested for conditions that they will be required to withstand.
The finding of the research with respect to changing different parameters and how they might play into

the definition of aggressiveness classes is discussed following.

Comparing the level of decay between the five different tests, the use of 14wt.% mirabilite solution in
comparison to 7wt.% seems to have the greatest effect of all the factors varied. Specimens in the test
where 14wt.% solution was used (Test 1, 3 and 4) demonstrated faster and more decay. This is a
positive effect with respect to accelerating the damage, however it does not reflect reality as in-situ salt
content is usually around 1-2% [3]. As discussed previously, a higher salt content can also increase the
required drying time of the specimen due to the hygroscopic nature of salt. It would be more realistic to
increase the number of cycles to accelerate the testing process than to increase the salt solution
concentration. In many of the studies investigating the durability of materials to salt crystallization, a
higher number of cycles is usually required to achieve damage using the EN12370. Goudie [38],
observed that salt weathering appears to be a cumulative effect. As discussed previously, it is the
number of wet/dry activations that is the most important for sodium sulfate to induce damage [3]. In
conclusion, for realistically accelerating salt aging test it is recommended to increase the number of
wet/dry cycles rather than increasing the salt solution concentration, because very high salt

concentrations are not representative of real conditions.

The use of partial or complete immersion appeared to have the next greatest impact on the results of
the test. Although the discrepancy in results was greatly impacted by the porous characteristic of the
stones. For M8ene, which has the largest absorption coefficient and open porosity values, the difference
in mass evolution was small between partial and complete immersion (when comparing between tests
with the same concentration of salt) compared to the results for Opuka and BoZanov. The debate comes
back to acceleration of the test versus realistic testing parameter. In real buildings, sources of moisture
and contamination fluctuate with the environment, therefore exposure may not be long enough to fully
saturate low absorbing materials, which can contribute to heterogenous decay. Future testing
procedures could be developed to be adapted to different environmental aggressiveness classes as is
recommended by the RILEM committee. In this case, the average duration moisture will be present in

the environment to wet the material can be considered in combination with the absorptive properties of
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the materials in order to decide if the material is likely to be completely or only partially saturated in the
field.

For test procedures 3 and 5 where contamination was done once every four cycles and then re-wetting
was done with distilled water in between, very little to no damage was observed for samples of Bozanov
and Opuka. For MSene sandstone, the samples in Test 3 which uses 14wt.% salt solution demonstrated
notable decay. However, those in Test 5 with 7wt.% did not. Researchers Matthieu et al. [19] considered
the effect of simply remobilization of salts and concluded that it was not sufficient to cause damage;
additional salt need to be provided by the solution. Nevertheless, from the results of this experiment, it
seems that the high salt content (14wt.%) in Test 3 combined with the large absorption capacity and
absorption rate of MSene is sufficient to ensure the presence of enough salt to cause supersaturation
when re-wetted with water. However, the lower concentration in Test 5 prevent the level of salt required
to reach supersaturation. With respect to Test 3 for Bozanov and Opuka, the absorption capacity and
absorption rate inhibit salt uptake compared to MSene. Furthermore, the increases mechanical strength
means greater level of supersaturation are required to develop sufficient stress to induce damage. As
the level of salts in an environment can change with location, thereby affecting if more salt would be
introduced to a material each time wetting occurs. For environments that are less contaminated with
salt, the aging test could be modified to introduce more realistic concentrations of salt (1-2% for sodium
sulfate [3]). The other parameters in the test should also be adapted to be more realistic (e.g.: lower
drying temperature) and therefore draw the salt towards the surface, allowing supersaturation to be

achieved in the same manner observed in real conditions.

The variation in drying temperature between 105°C and 60°C did not show any drastic impact on the
deterioration of samples with all other factors constant. Some evidence from the SEM and visual
observations would suggest that the lower drying temperature did cause more salt to be drawn to the
exterior of the stone, thus creating a higher area of salt concentration and slightly more damage.
Nevertheless, more testing with additional cycles should be done to study and more accurately quantify
the difference in salt distribution caused by the different drying temperatures. As discussed in the State
of the Art the effect of temperature on the supersaturation and crystallization of mirabilite is significant
(see section 2.2.1). Observations from an experiment where wetting was carried out at temperature of
3,10, 20, and 25°C saw damage after the first cycle at the cooler temperatures, where more cycles were
required to induce damage in the warmer tests [7]. The range and average temperature of the climate
for which a material will be used should be taken into consideration when designing an aging test. The
definition of the aggressiveness classes could consider a ‘standard temperature range’ and in addition
to having a class that considers aggressive conditions due to elevated salt content, one class could be

tailored to cold climates.

In an effort to move towards a more realistic salt crystallization aging test, the influence of several
parameters on the aging process of natural stones was assessed. Three types of stone with varying

porous structure and mechanical strengths were used to help assess the impact of the of each
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parameter. Some variables, such as a lower drying temperature only had detectable effects on one
stone type. Other factors, such as salt solution concentration, showed significant impact in all stones.
Hence the importance of using materials with a varying of intrinsic characteristic when designing an

accelerated aging test.
5.3 Analysis Tests

Of the different analysis tests carried out each has its pros and cons. General observations and tracking
the mass evolution is a simple technique, not requiring a lot of equipment or time. A basic representation
of the materials decay can be given by the normalized mass evolution, however insight into the process
of the material’s decay is limited. Collecting lost material from specimens as they deteriorate can help
in separating the amount of salt uptake versus, mass loss encompassed in the overall mass evolution.

But this requires a lot of time to carefully collect, wash, dry and weigh the debris.

Ultrasonic Pulse Velocity (UPV) is a simple technique in addition to being able to use the technology
on-site to asses existing structure. However, based on the inconclusive results of this experiment further
in-depth study would be required to correlate the ultrasonic velocity with internal deterioration in the
specimens. Other studies have used this technique for assessment of salt weathering, and previously a
lot of research has gone into correlating physical properties of materials with UPV. Therefore, it is
considered that it could still be a useful assessment tool once reliable relationships between the
ultrasonic velocity and material decay can be established. Other researchers have even proposed that

it could be an effective predictor of durability [5].

The distribution of salt in a material is due to a combination of environmental parameters and the
physical properties of the test specimen. Therefore, understanding where in a sample salt crystallizes
helps to evaluate and assess damage. Moreover, assessing the salt distribution by conductivity is a very
time-consuming process. The use of the Hygroscopic Moisture Content test for determining salt

distribution should also be considered as it is an inexpensive and less work intensive technique [1].

SEM is a useful tool for investigating the distribution in the pores and the morphology of sodium sulfate
within the stones. It is a more time consuming and expensive technique of evaluation, and only small
samples of a specimen can be observed. Furthermore, although it provides key information about how
and where salt crystallizes in the samples, it is not useful for objectively quantifying the degree of

damage in a specimen.

Another analysis technique that could be considered to assess the level of alteration in the specimens
is MIP. This testing takes time but is not work intensive, however it would require too many samples to
be an ongoing assessment technique. It would be used to assess the sound and final weathered states.
If samples are too deteriorated, this testing may not be possible, but it can provide useful information

about changes to the porous network
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54 Future Work

To continue the work of developing a new effective, realistic, and quantifiable accelerated salt

crystallization aging test, the following tests and conditions could be considered:

e Additional testing based on EN12370, but with lower and more variations in drying temperature
to evaluate what temperature provides a balance between realistic simulation of building
conditions with a reliable and effective accelerated salt weathering test;

e Additional testing based on EN12370 with smaller concentrations of sodium sulfate to establish
how many cycles and which different concentrations are required to induce damage in materials
with diverse physical and mechanical properties;

e Conduct salt aging test with one or more surfaces of the specimen sealed to consider the impact
of limited contamination and evaporation surfaces;

e Consider effect of different salts (e.g. NaCl, Na2CO3, MgS04, NaNO3, Ca2S04) and the
combination of salts in accelerated salt crystallization tests;

e Test combining building materials (e.g. mortar and masonry units) to assess the positive and
negative effects the different materials have on each other through out a salt weathering test;

e Assess aging evolution with Ultrasonic Pulse Velocity with the aim of establishing a reliable
correlation between UPV, damage, and durability. Ensure changes in the samples size and
uneven contact surface of the damaged specimen are considered;

o Define levels of aggressiveness (with respect to e.g. temperature, relative humidity, salt type

and concentration) for a future salt crystallization test to assess durability.
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APPENDIX A: SODIUM SULFATE DECAHYDRATE CONDUCTIVITY CURVE

Sodium Sulfate Decahydrate Conductivity Curve
(Temperature: 24.7-25.2°C)
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Graph 15: Sodium Sulfate Decahydrate Conductivity Curve (0.0-0.1w.t.%, 24.7-25.2°C)

Along with sodium sulfate and other ions from the dissolved stones, temperature also has an impact on
conductivity. Therefore, while developing the conductivity curve and measuring each sample’s
conductivity, it was ensured that the temperature of the solutions were similar, although some
discrepancy were unavoidable. The conductivity curve was developed with solutions ranging in
temperature from 24.7-25.2°C, while all the stone solutions were measured at temperatures ranging
from 24.0-24.7°C.
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